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INTRODUCTION 
Intere t in the coordination chemi try of molybd num has 
increa ed atly in recent yea:r becau e of th di covery that 
molybdenum p ays an active role in everal r ox enzymes . M odel 
systems have been devised to gain insight into the function of 
molybdenum in these enzymes . M ost model systems a:re believed to 
contain an oxomolybdate(V) dimer in equilibrium with a redox 
active monomer or dimer. 
A relatively simple system that shows important similarities 
to model systems is a molybdenum(V) solution in hydrobromic or 
hydrochloric acid. As in the model systems, these solutions a:re 
believed to contain monomers and dimers in equilibrium . The 
equilibria are highly dependent on acid concentration, and to a 
lesser extent, on molybdenum(V) concentration. Identification of 
the molybdenum(V) species in these solutions would be helpful in 
determining the structures of species in model systems. But 
there is considerable disagreement concerning the molybdenum(V) 
species in these solutions. Different methods of attack, though 
apparently valid, have led to different conclusions . 
A study of oxomolybdate solutions in hydrobromic acid was 
undertaken to resolve some of the major disagreements about the 
identities of the molybdenum(V) species. Hydrobromic acid 
solutions were studied, because less work has been done with them 
than with the hydrochloric acid solutions. Another reason for 
using hydrobromic acid solutions was the greater sensitivity of 
the electronic absorption spectrum and electron spin resonance 
spectrum to changes in structure in concentrated acid. Also of 
interest were the reported tendencies of some of the molybdenum(V) 
species in hyd.robromic acid to polymerize. A more comprehensive 
spectrophotometric study was necessary to observe this phenomenon. 
Electronic absorption and electron spin resonance spectra of 
oxobromomolybdate(V) compounds were used for comparison with 
hydrobromic acid solution spectra. Conclusions concerning 
structures of molybdenum(V) species in hydrobromic acid were 
based largely on such comparisons. 
2 
HISTORICAL 
ENZYMES THAT CONTAIN MOLYBDENUM 
There are six enzymes in which molybdenum is known to play 
an active role . Two of these, nitrate reductase and nitrogenase, 
catalyze reduction of a substrate. Nitrate reductase, isolated 
from Neurospora and soybean leaves, catalyzes the reduction of 
nitrate to nitrite.1 Nitrogenase, isolated from the anaerobic 
bacteria Clostridium pasteurianum, 2 and blue-green algae, 3 
catalyzes the reduction of nitrogen to ammonia. These enzymes 
are believed to contain molybdenum in either the third, fourth, or 
fifth oxidation state, Reduction of a substrate causes the 
4 
molybdenum to be oxidized to the sixth oxidation state. 
Three other enzymes, xanthine oxidase, aldehyde oxidase, 
and sulfite oxidase catalyze substrate oxidation. Aldehyde 
oxidase, found in animal livers, 4 catalyzes oxidation of aldehyde 
groups of sugars to carboxylic acid groups.5 Xanthine oxidase, 
found in milk and animal livers, catalyzes the oxidation of 
xanthine to uric acid. 5 Sulfite oxidase, found in both mammalian 
and plant tissues, catalyzes the oxidation of sulfite to 
sulfate. 6 Oxidation of the substrate causes the molybdenum in 
an enzyme to be reduced to the fourth or fifth oxidation state.4 
Molybdenum has also been found to be active in the enzyme 
NADH dehydrogenase, which is separated from mitochondria of plant 
and animal cells.6 Normally the enzyme contains only iron, but if 
it is deficient in iron , molybdenum can take its place.7 
Th func t · on o molybdenum in th �c nzym . ., appear.., Lo  be 
clcc tron t an..:, fcr. It occur..:., in enzyme.., on y who c th ar 
other electron carrier , uch as iron , sulfur , h em and flavin. 
Table I shows the minimum number of equivalent of molybdenum 
required in each enzyme to oxidize or reduce one equivalent of 
substrate. Also shown are other redox groups known to be 
8 present in the enzymes. 
Redox enzymes have generated a great deal of interest 
because of the chemical reactions they catalyze are much more 
efficient than analogous processes used by industry. It has been 
suggested that greater knowledge of enzyme catalyzed reactions 
could lead to more efficient methods for manufacturing certain 
chemicals. One area of interest is the manufacturing of 
ammonia from nitrogen, which presently requires the expenditure 
of large amounts of energy. 
Studies of molybdenum containing enzymes have indicated 
that molybdenum is probably bound to a sulfur atom. The two 
molybdenum(VI) coordinating systems shown below have been 
suggested , where x and y are protein side chains other than 






















FAD , Fe 
C yt. b5 
FAD , 4 Fe 
FAD , 4 Fe 
FM ' Fe? 
On going to a lower oxidation state, the system would be 
protonated , resulting in one of the structures shown below. 
or 
Oxobridged dimeric molybdenum groups have also been proposed for 
these enzymes. Two possible structures are shown below . 
X 0 0 X l J  ..----- o ,,.J l / 
S -Ao '10..--S 
I �u----- 1 s s 
Reduction of the molybdenum might cause the oxobridges to 
disappear, leaving a reactive binuclear center. There is some 
indication that the groups coordinated around a molybdenum atom 
in an enzyme show changes in geometry during a reaction. 8 
M ODEL SYSTEMS 
Several different types of model systems have been devised 
to imitate some of the redox behavior of molybdenum containing 
enzymes. It is hoped that more can be learned from them about 
the structures of active sites on the enzymes. 
8- 12 Cysteine has been used in a number of model systems 
because there is reason to believe that in nitrogenase, and 
possibly other enzymes , molybdenum is bonded to a cysteine group 
9 1 0  on the enzyme. A model system reported by Kroneck and Spence, 
and by Huang and Haight1 1  consisted of a basic solution with a 
6 
pho phate buffer . FMN (Flavone mononucleotide) was reduced in 
this system to FMNH. At pH 7 . 5 , the molybdenum(V) sp ci s was 
bcli v d to be in th form of a dioxobridGed dime , howjng ve y 
lit Lle dox ac tivi ty. The d me , hown below , w· a �urned to b 
similar to a olid dioxobridged cy teine oxomolyb ate of known 
structure.
13 Increasing the basicity of the solution to 
pH 11 caused complete conversion to a molybdenum(V) opecies 
that readily reduced FMN . The proposed reaction , shown below , 
was believed to be a one electron transfer reaction . 
7 
2 cyst + FMNH2 
There is some disagreement about which is the active species 
in this model system. Huang and Haight1 1  concluded that the 
redox active species is a monomer . The dissociation reaction 
proposed by these workers is shown below . 
r o o 
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1 2 Schrau¼er and co-workers concluded that in a more complex 
cysteine-molybdenum model system, devised to imitate the action 
of nitrogenase, it was necessary to react the above monomer 
with a reducing agent (Na.BH4 or Na2s2o4) .  
A proposed structure 
for the catalytically active molybdcnum(IV) complex believed to 
result is hown below, 
An electron spin resonance study by Kroneck and Spence 10 
indicated that less than one percent of the molybdenum(V) in the 
solution was in the form of a monomer. They discounted the 
importance of the monomer as the principal redox active species 
because of its low concentration. An equilibrium between three 
dimeric oxomolybdate(V) species , shown below , was proposed, The 
I I I  I I I  
dioxobridged complexes (I) and (III) showed no redox activity, 
In complex (III) the cysteine was replaced by water or phosphate 
ions. Redox activity was attributed to a monoxobridged 
complex (II) , which was most 2.bundant at pH values from 9 to 11. 
Addition of excess cysteine to the solution caused complex (III) 
to be converted into complex (II) . 
8 
Model systems in acidic solution have also been devised. A 
molybdenum(V) tartrate complex reduced FMN to FMNH at a pH of 2. 5 
14 to 5 , 0. Reduction of FMN was favored more as the acidity was 
increased. In this system , a two electron step involving 
molybdenum( IV) as an intermediate was indicated. The proposed 
reaction is shown below. No structures were proposed for the 
molybdenum species present in the system. 
Mo(IV) + Mo(VI) 
Mo( IV) + FMN Z:f ==::t> Mo(VI) + FMNH2 
Other model systems15 1 1 6 also appeared to contain a dimeric 
redox inactive molybdenum(V) species in equilibrium with a redox 
active species. Except in the case of the cysteine model 
systems , no structures have been proposed for the redox active 
species. 
STRUCTURES BONDING AND ELECTR ONIC ABSORPTION SPECTRA OF OXO­
MOLYBDATE(V) COMPOUNDS 
Most molybdenum (V) compounds separated from aqueous solution 
have a single terminal oxygen bonded to each molybdenum atom. 
Ligands are coordinated to the molybdenum to form a distorted 
octahedral configuration, The axial metal-ligand bond is usually 
weaker than the four equatorial metal-ligand bonds, and in some 
9 
10 
cases the position remains vacant .
17-19 Most oxomolybdate( V) 
compounds are dimeric with one or two bridging oxygens between 
two oxomolybdate groups . Structures of some of these compounds 
. . . lJ , 20- 24 
have been determined using X-ray crystallographic analy i 
M onomeric Oxymolybdate(V) Compounds 
Monomeric oxomolybdate( V) compounds have the basic structure , 
[ Mo ] J
+
, M ost of them contain three or more coordinated halide 
ions . Gray and Hare25 proposed a molecular orbital system for the 
[Mooo1
5
J2- anion . It was a modification of a molecular orbital 
system for the [vo (H20) 5]
2+ cation devised by B allhausen and Gray , 26 
Distorted octahedral (c2v )  symmetry was assumed . The molybdenum­
oxygen bond was assumed to be the strongest , and the axial 
molybdenum-chloride bond tran s  to the oxygen was assumed to  be 
the weakest . The four equatorial molybdenum-chloride bonds were 
assumed to be equivalent . 
The following bonds were incorporated into the molecular 
orbital system : 
1 .  A strong � bond (sym . e) from an oxygen sp� orbital 
and a molybdenum 4s + Jd 2 orbital. z 
2 . Two 11 bonds (sym . e) from oxygen 2px and 2py orbitals , 
and molybdenum Jdxz and Jdyz orbitals . 
J .  Four bonds from sp� orbitals of the equatorial chlorides 
and the molybdenum orbitals 4s - Jdz , 4p x, 4py . 
3dx2 - 2, with symmetrie a1 , e ( two orbitals) and b1 , respectively. 
4.  A bond from an p� orbital of the axial chloride to th 
4p 
2 
o bi t'1l of the molybdenum. 
Po ible 1r bonding between the molybdenum atom and chloride 
ions was assumed to be negligible. The molecular orbital system 
devised by the above workers is shown in Figure 1. 
11 
The electronic absorption spectrum of a monomeric oxomolybdate 
(v) compound (Table II) usually shows one or two strong distinct 
bands in the visible or near ultraviolet regions , and a weaker 
band at 400 nm to 500 nm. Often present are one or two less 
clearly resolved bands below JOO nm , and a weak band at about 
700 nm.
17, 19, 25-32 Band assignments for the spectra are usually 
based on the molecular orbital system of Gray and Hare, 25 
According to it , the two lowest energy bands, at 400 to 500 nm 
and at 700 nm , are ligand field bands , and the higher energy 
bands are charge transfer bands. 
Monomeric oxobromomolybdate(V) compounds show electronic 
absorption spectra somewhat different from spectra of the 
monomeric oxochloromolybdates .  Band assignments by Allen , et  ai. 19 
indicated that the visible and ultraviolet charge transfer bands 
show large red shifts. This was attributed to TI bonding 
between the equatorial bromide ions and the molybdenum d orbitals . 
Also , the b2� b1 * ligand field band was not shown by the spectra 
of the o�obromomolybdates. 
12 
4d 
O (n)  
Cl (a) 
O (u) 
Figure 1. Molecular Orbital System for the [Mooc15J
2 - Anion.25 
13 
TABLE II  
ELECTRONIC ABSORPTION SPECTRA OF  MONOMERIC 
OXOBROMOMOLYBDATE( V) COMPOUNDS 
Compo und 
( NH4) 2MoOClS 
( NH4) 2MoOClS 
( phen) 4A sMoOC14 
( phen) 4A sMoOC14 
PyrHMoOC14 
( NH4) 2Mo0Br5 
Cs2Mo0Br5 
( phen) 4AsMo0Br4 
( phen) 4A sMoOBr 4 
3 3 2 4 3 G  
So lvent - -
Diff . Refl . 
Cone . HCl 
Diff . Refl . 
CH3No2 
Diff . R efl. 
Diff . Refl . 
Cone . HBr 
Diff . Refl . 
CH3No2 



















309 ( 5300 ) 
410 
414( J?OO ) 
429 
410 (2500 ) 
TABLE I I - -Con tinu d 






385 (  80 ) 
465 , 500sh 
469 ( 560 ) 
500 
486 (340 ) 
b2-bl 
435 
446( 10 ) 
444 
444( 12 ) 
440 
19 , 25 
b ·-G 2 'TT 
724 
709 ( 7) 
709sh , 752 
725( 15) 
829 
724 ,  763 , 810 
699 ( 7) 
769 , 74lsh 
725( 10 ) 
14 











Drake , et ai . 33 studied the effects that TI bonding of .ligands 
would have on a complex anion with a similar electronic structure , 
[vcc 141
2-. The re sulting molecular orbital y tern is hown in 
Figure 2. The a .... cumption of 'TT bonding of the chloride ligands with 
the vanadium dxy orbital resul ted in several new energy levels with 
energies slightly higher than those of the terminal oxygen bonds. 
It was suggested that the new energy levels would be the ground 
state s for the charge transfer transitions .  This would , in  effect , 
cause the charge transfer bands to show a red shift. A b �-2 
antibonding orbital , containing an unpaired electron, would be 
the gTound state for the ligand field bands. Though the system 
was unsuccessful in explaining the spectrum of the [voc14]
2- ion , the 
workers proposed that it might ex:plain the red shifts observed in 
the spectra of the oxobromomolybdate (V) compounds. 
Dioxobrj_dged Oxomolybda�e(V) C ompounds 
Dioxobridged oxomolybdates have the basic structure , 
[o O 1 2+ 





In these compounds the bridging oxygens form a 
plane approximately perpendicular to the terminal molybdenum-oxygen 
bouds. The compounds n-e usually diamagnetic, possibly because of 
overlapping of the unpaired dxy electrons to form a metal-metal 
b d 32, 34 on . 
A molecular orbit�l systeffi for dioxo�rid&ed complexes was 
reported by Jezowska-Trzebiatowska and Rudolr3
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er. ( 4p , 4p ) u X y 
16 
Cl (TT )  
0 ( 'fT ) 
Cl(o ) 
Figure 2. Proposed Molecular Orbital System for the [voc14]
2 - anion , 
Showing Effects o f  'fT Bonding by Coordinated Chloride 
ligands. JJ 
17 
(A ' Bu* \  
(A ' Bu * \1 
(A , B )I 
(A u 
' B �) II 
B u 
d 11( 0 t) 
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(A ' u Bg\ I 
(Au ' B \ 
(A , B) II 
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J C  
Figure J . Molecular Orbital System for Dioxobridged Oxomolybdate(V) 
Compounds . 34 
TABLE III  
ELECTRONIC ABSORPTIOH SPECTRA OF SOI·Z BDHX:LEAR OX0:-10LYBDATE (V )  COi-:POU!IDS 
C ompound � Solvent Absorption  Bands 
[Mo2o4(0xalate ) (H2o )J
- Dioxobridged 257 305 J85 
(3520) ( 160)  
Mo2o4(c ysteine ) 2 • ,5H20 
Dioxobridged Diffuse 221 341 
Reflectance 283 
(NH4) 2 Mo02 (0H) 2Br2 (OH )4 Dihydroxobridged 
211 307 353 






Monoxobridged Methylene 327 400sh 
C hloride ( 9670)  (2068) 
Mo2o3 (Cysteine-O:H3




( In)  
450 719 











Local symmetry of each molybdenum atom was assumed to be c4v .  
According to the system, strong bonding of the oxygen atoms with 
molybdenum caused a ignificant change in the electronic energy 
levels o A more detailed molecular orbital system has been 
reported recently by the above workers. 35 
Electronic absorption spectra of most of these compounds are 
characterized by one or two strong bands in the ultraviolet 
region , and weak , poorly resolved bands in the visible 
. 28-32 ,34-40 region. The spectra are rather insensitive to the 
nature of the ligand. Electronic absorption bands for two 
dioxobridged oxomolybdate(V) compounds are shown in Table III. 
Dihydroxobridged Oxomolybdate(V) C ompounds 
have 
They show considerably more paramagnetism than the dioxobridged 
oxomolybdates. 34 ,40 
A molecular orbital system (Figure 4) has been devised for 
these compounds , 34 Local symmetry of each molybdenum atom was 
assumed to be c4v .  According to the system, the dxy orbitals of 
the two molybdenum atoms overlap , as in the dioxobridged compound , 
But TI bonding of the bridging ligands with the molybdenum atoms 
is indicated to be much weaker. The paramagnetism of the 
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Figure 4 .  Mole cular Orbital Sys tem for Dihy<lroxobridGcd 
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20  
er( mr ) 
triplet state (A n)
1(B n) 1 part of the time. g u 
The vi�ibl ab orption spectrum for thi type of complex 
consists o a single moderately strong band at 450 nm , and a 
21 
second band at 390 nm , about twice as intense. 34 The electronic 
absorption spectrum of one of the e compound� is shown in Table III. 
Monoxobridged Oxomolybdate(V) C ompounds 
Monoxobri ed oxomolybdate(V) compounds contain the basic 
structural unit [ U
0 _ 0_U0] 4+ ,  with the oxobridge c is to the 
terminal metal-oxygen bond, X-ray crystallographic analysis of 
three of these compounds indicated that the Mo - 0 - Mo  bond angle 
20-22 is close to 180 degrees, The compounds are either 
diamagnetic or very weakly paramagnetic. 32 According to a 
molecular orbital system by Jezowska-Trzebiatowska and Rudolf, 35  
shown in Figure 5, diamagnetism results from overlapping of the 
oxygen s and p orbitals with the unpaired molybdenum d xy orbitals , 
The electronic absorption spectra generally show a strong 
band at about 500 nm and a less intense band between J OO nm and 
450 nm. Most also show a weak band at about 700 nm to 750 nm. The 
rather large variations in band wavelength indicate a sensitivity 
to the nature of the ligand. Electronic absorption bands for two 
monoxobridged oxomolybdate(V) compounds are shown in Table III. 
Axially Monoxobridged Oxomolybdate(V) C ompounds 
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Figure 5. Molecular Orbital System for Monoxobridged Oxomolybdates.35 
axially monoxobridged molybdenum (V) compounds. A few tetrameric 
complexes have been reported with proposed structures similar to 
that shown below for (pyrH) 4 Mo4o8Br8 (H2o) 2•
34 , 35 
+ 4 pyrH 
0 0 
Br .._J [ ..,, 0 '-.. 1 1  / Br Mo' Mo 




I / 0 '--.. I __..--J3r Mo Mo 
Br/ "'-... o/ --.........._Br 
4-
23 
It has been suggested that quinHMoOC14 and pyrHM oOC14 may be axially 
monoxobridged polymers . 19 This was proposed as a possible 
explartation of the unusually high wavelength of the 829 nm band 
in the diffuse reflectance spectra of the compounds . (Table II) . 
INFRARED ABSORPTION SPECTRA 
Monomeric Oxomolybdate(V) C ompounds 
Infrar d abuorption spectra of a large variety of monomeric 
oxomolybdate (V) compounds have been reported. 46-50 In a study of 
a large number of transition metal complexes containing terminal 
� metal-oxygen bonds, Barrachlough observed that they all show 
t t b d · th · f 900 -l t 1000 c m-l one or wo s rong an s in e region o cm o 
These bands were attributed to metal-terminal oxygen stretching 
vibrations. Work by C otton and Wing47 indicated that in 
oxomolybdate (V) compounds, a single molybdenum-oxygen stretching 
-1 -1  vibration is located between 900 cm and 1000 cm • Most 
workers have assigned the molybdenum-terminal oxygen stretching 
vibration to one or two strong bands almost always found in this 
freQuency range. It is the only band common to all monomeric 
oxomolybdate(V) compounds. Infrared absorption spectra of two 
monomeric oxomolybdate(V) compounds are shown in Table IV . 
Monoxbridged Oxomolybdate(V) Compounds 
24 
Monoxobridged oxomolybdate(V) compounds usually show an infrared 
-1 -1  absorption band between 700  cm and 800 cm , and some also show a 
-1 -1 second band between 450 cm and 550 cm • The bands are 
attributed to asymmetric and symmetric oxobridge stretching 
vibrations of the monoxobridge. 47, 52 Also present is a strong 
-1 terminal metal-oxygen stretching band between 900 cm and 
TABLE I 
IHFRARED ABSORPTION SPECTRA OF oxmoLYBDATE (V)  AND RELATED C O-:POUHDS 
C o;,-pound TyPe !-i=O M -0-Vi as v:, !·l -0-M sv-:-1 Vi -Lir:an'i � e :  
c sz-1o0Cl 5 mononer 952s ':l
?C- t!-:l _,/._, ,,, J . 
320::;h 
C s2Mo0Br .5 
monomer 948vs 246vs , b , . �  
(c?5n4M o20fls monoxobridged 988vs , 98Jn 7)5s 516m J20TI: 52 
Mo2o; <acac ) 4 monoxobrid.ged 9.58s , 778n 4J5n 460::ls 41 949sh 
Moo
3 
(c2o4) (H20) n axially 880 , monoxobridgcd 8J?sh J2 
and dioxobrid.ged 
pyrHIL Mo4o8Br8 (Hl) 2 axially 970 vw , monoxobrid.ged 880vs , br 71Jvs J5 
and dioxobrid.ged 
K2 Mo204 (C 204) 2 (H20) 2 • dioxobridged 980vs 725s 58 
JH2o 
pyrH2 Mo2o4c 14 (H20) 2 dioxobrid.ged 988vs 7J2vs 522vs 505s 32 
Cr2(0H) (1rnJ) lOC l5 mohohydroxybrid.ged 569s 244n 61 
cr2 (oH) 2 ( o-phen)4 (N03




acac = acetyla.cetone 
pyrH = pyridiniw:i ion 
o-phen a o-phenanthroline 
1000 cm-
1
• 32 , 3
6 , 51-55 Infra.red absorption spectra of two monoxo­
bridged compound are shown in Table IV. -
Axially Monoxob idged C ompounds 
Oxomolybdate (V) compounds believed to contain axial monoxo­
bridges show a strong broad molybdenum-oxygen stretching band at 
26 
880 cm-l and a very weak band at about 970 cm-1. 35 The polymeric 
molybdenum(VI) compound, [Moo
3
(c 2o4) H20] n , which is known to contain 
bent axial monoxobridges , 56 shows bands at 880 cm-l and 837 cm-1. 32 
The structure of this compound is illustrated below. 
n 
Dioxobridged Oxomolybdate(V) C ompounds 
There is some disagreement concerning band assignments for 
dioxobridged oxomolybdate(V) compounds. Hewken and Griffith60 
predicted that a dioxobridged compound would have one symmetric 
-1 and one asym�etric stretching vibration, both between 490 cm 
and 650 -1 cm The asymmetric vibration was assumed to be Raman 
active , Wing and Calahan52 proposed a linear combination of two 
27 
pair of oxob id.Go stretching vibrations, re sulting in four 
different vibration f cquoncic s, Two infrared active b:mds 
attribut d to a.:.iymme Lric bridGC trotching vibration. wore assigned 
-1 -1 to band� in the frequency ran�e of 700 cm to 800 cm • One 
c:-yrnmetric vibration was indicated to be infrared active , and was 
-1 -1 located between 600 cm and 700 cm • Infrared absorption 
spectra of three dioxobridged molybdenum(V) compounds are shown i n  
Table IV. Most of these compounds show only a single bridge 
-1 -1 stretching vibration between 700 cm and 800 cm • A few also 
show a band attributed to  a symmetric bridge stretching vibration 
-1 at about 500 cm , a much lower frequency than that predicted 
by Wing and Callahan . 52 
Hydroxobridgc·d C ompounds 
N o  infrared absorption spectra have been · reported for 
hydroxobridged oxomolybdate(V)  compounds , but spectra of some 
hydroxobriclged transition metal compounds are known. Hewkin and 
Griffith61 reported the infrared absorption spectra of several 
chromium compounds Immm to  contain single nonlinear hydroxobridge 
bonds,  Also , infrared spectra of chromium complexes believed to  
contain two or more hydroxobridges have been reported ,
61 The 
chromium compounds all showed asyrnme tric bridge stretching bands 
-1 -1  between 540 cm and 570 cm • Some of the compounds also showed 
-1 1 bands between 250 cm and 294 cm- These bands have been 
attributed to a symmetric bridge stretching vibration6 1  or a 
bridge bending vibration.
62 Infrared absorption spectra of two of 
these compounds c1rc shown in Table IV. 
MOLYBDENUM (V) SOLUTIO S IN HYTIRCCHLORIC AC ID 
Early Work 
28  
The first molybdenum(V) c ompounds isolated from hydrochloric 
acid solution were reported at about the turn of the century. They 
had. the general formula R2MoOJ 15 , where R is a monovalent cation. 
A few compounds , prepared more recently,
63 had the structure 
RMoCX:.: 11/H2o) . Both were precipitated from solutions that were 
prepared by electrolytic reduction of a molybdenum(VI) c ompound 
in acid solution , or by boiling a molybdenurn(VI) c ompound in 
hydrochloric acid. 63 
The first study of solutions of oxochloromolybdates in 
hydrochloric acid was reported by James and Wardlaw in 1927. 63 
The workers observed that c oncentrated acid solutions of 
ammonium oxopentachloromolybdate (V) (NH4) 2Mo0815
, were green, while 
dilute acid solutions were dark red. Because green oxopenta­
chloromolybdate (V) c ompounds were normally obtained from 
concentrated hydrochloric acid_ solutions , James and Wardlaw 
assumed that the green solutions contained the [Mooc15J
2- anion. 
They suggested that the red solutions were caused by partial 
hydrolysis of the ion. The reactions shown in Table V were 
proposed to explain the hydrolysis resulting from infinite 
dilution of a concentrated hydrochloric acid solution of an 
TABLE V 
HYDR OLYSIS REACTI ONS OF THE [M oocl 5]2- I ON 
PROPOSED BY  JAMES AND WARDLAW6J 
RM00C14
• H20 + RCl 
l + H20 
Mo0ClJ • 2H20 + RCl 
1 + H20 
Mo0(0H)C12
• 2H20 + HCl 
l + Hz° 
Mo0(0H)C 1 • 2H20 + HCl 
l + H20 
Mo0ll • JH20 + H
+ 
l + H20 
Mo02 (OH)
• JH20 + HCl 
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oxochloromolybdate(V) compound . 
The structures proposed for the hydrolyzed species were 
baocd on three oxomolybd.ate compound of known composition, 





Mo2o4(0H)Cl • .5H2o . The above reactions were combined into the 
single hydrolysis reaction : 
C onductivity and freezing point measurements of very dilute 
hydrochloric acid solutions of the oxopentachloromolybdates 
indicated that ten ions and one uncharged species were released 
by hydrolysis. The results were consistent with the reactions 
proposed. 
El Shamy et a1.
64 studied molybdenum(V) - molybdenum(VI) 
redox potentials in hydrochloric acid. A break in the redox 
curve resulted at an acid concentration of 5. 75 M. The workers 
proposed that the species present at acid concentrations over 
5. 75 M was the [Mocc 15]
2- anion , and that partially hydrolyzed 
species were present at lower acid concentrations. No structures 
were proposed for the hydrolyzed molybdenum(V) species. 
Magnetic Susceptability Studies 
Magnetic susceptability measurements have been useful for 
measuring the concentrations of paramagnetic species in solutions . 
Some structural information can be obtained by comparison with 
JO 
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magnetic properties of compounds with known structures , 
A magnetic . u ceptability tudy by Saconi and Cini65 indicated 
that mo t of Lhc molybdcnum(V) in hydrochloric acid concentration 
above 7 M was in a paramagnetic form. No measurable paramagnetism 
was observed if the acid concentration was less than 2 M . The 
reversible nature of the reactions involved was demonstrated, 
indicating that the paramagnetic and diamagnetic molybdenum(V) 
species were in equilibrium. 
In a later magnetic susceptability study, Garside66 detected 
a slight paramagnetic effect in dilute hydrochloric acid solutions 
of molybdenum(V) . It was suggested to be due to a small 
temperature independent paramagnetic effect of a diamagnetic 
molybdenum(v) dimer, Garside concluded that the paramagnetic 
anions [Mooo15J
2- and [Mooc14]
- were present in concentrated hydro-
chloric acid solutions , because salts of both anions had been 
precipitated from them, 
Electronic Absorption Spectra 
Further information concerning molybdenum(V) species present 
in hydrochloric acid solutions was obtained using electronic 
absorption spectra. A typical series of spectra obtained in 
different concentrations of hydrochloric acid67 is shown in 
Figure 6 .  
A comprehensive spectrophotometric study of molybdenum(V) 
solutions in hydrochloric acid was performed by Haight. 68 It  
/J o 
1 00 
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1 M Hydrochlor ic Acid 
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A 1 . 73 X 10 � M ,  1 cm cell  
-2 B 5 . 8  X 10 M ,  1 mm cell  
5 M Hydrochloric  A cid 
C 1 . 73 X 10-2 M ,  1 cm cel l  
D 1 . 73 X 10-2 M ,  1 cm cell  
E -3 1 . 7 X 10 M ,  1 cm cell  
12  M Hydrochloric A cid 
F 1 . 73 X 10 -2 M ,  1 cm cell  
G 1 , 73 X 10 -2 M ,  1 mm cell 
H -3 1 .  7 Y. 10 M ,  1 mm celJ  
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Ficure 6 .  Electronic  Absorption Spectra o f  ( 1;}{4)/:oOCl 5 So lu tion:::; in  
Hydro chlor ic  Acid . 67 
JJ 
indicated that the band intensities in 8 M to 11 M hydrochloric 
acid adhered to Beers Law ; that is, the molar extinction 
coefficients [ab orbance : (concentration X path length)] remained 
constant at different molybdenum(V) concentrations . The 
molybdenum(V) pecies present in 8 M to 11 M acid was assumed to be 
the [Mooc15]
2- anion. This conclusion wa based on the similarity 
of the electronic absorption spectrum in concentrated acid to the 





) .  
Reducing the hydrochloric acid concentration below 8 M caused 
a significant change in the spectrum, The dependence of 
absorption band intensities on hydrochloric acid concentration are 
shown in Figure 7 .  In 6 M hydrochloric acid, a prominent 
absorption band at 450 nm was observed. Reducing the acid concen­
tration to 1 M caused all of the bands in the visible and near 
infrared regions to become much weaker. The 450 nm band was 
attributed to a molybdenum(V) species intermediate between the 
[Moca15]
2- ion in concentrated acid and more hydrolyzed 
molybdenum(V) species in dilute acid. The molar extinction 
coefficient of the 450 nm band showed a large increase in 
magnitude when higher concentrations of molybd num(V) were used. 
Calculations based on the dependence of the 450 nm band intensity 
on molybdenum(V) concentration indicated that the molybdenum(V) 
species attributed to it was a dimer in equilibrium with a 
molybdenum(V) monomer , Haight assumed the equilibrium reaction in 
34 
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Figure 7. Dependence of E lectronic Absorption Band Intensities on the 
Hydrochloric Acid Concentration. 73 
J.5 
6 M hydrochloric acid c ould be expressed as the reaction 2M < ) D1, 
D2, etc. ,  where M i  a monomer, and D1 and D2 are dimers hydrolyzed 
t o  di.ff 
Haight tc t d the dependence of the monom r-dimer eq_uilibrium 
on hydrogen ion and chloride ion c oncentrations. Results obtained 
when lithium chloride was substituted for hydrochloric acid 
indicated that two hydrogen ions were consumed when the dimer 
dissociated. The effect of chloride ion concentration was tested 
by substitution of perchloric acid for hydrochloric acid , It 
indicated that approximately two chloride ions were c onsumed when 
the dimer dissociated. Two proposed structures for the dimer to 
which the 4_50 nm band was attributed are shown below. The 
[ o o l 4-
1 1  1 1  
c 14-Mo-0-M o-Cl4 
dihydro�obridged structure was considered unlikely because the 
molybdenum atoms would have to be seven coordinated to c onsume two 
hydrogen and two chloride ions on dissociation to form the 
[M ooo 15J
2- anion. Haight c oncluded that the dimer probably had the 
monoxobridged structure. The following monomer-dimer e�uilibrium 
reaction was proposed : 
2H
+ 
+ 2Cl + 
Hare, Bernal and Gray6 9 used the molecular orbital system 
of Gray and Hare25 for (M oCX!l
.5
]2- to make c onclusions c oncerning the 
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symmetry of the dimer attributed to the 450 nm band . They pointed 
out that the 450 nm ligand field transition (b1-4b1* )  was the 
only one localized in the plane perpendicular to the terminal 
molybdenum-oxygen bond. Since this band was the most affected by 
formation of the dimer, it was concluded that the dimer was 
probably bridged in the plane perpendicular to the terminal 
molybdenum-oxygen bond. 
Electron Spin Resonance Spectra 
Electron spin resonance (ESR) spectroscopy has proved to be 
very useful in detecting and identifying paramagnetic compounds , 
Much information concerning the structure of a paramagnetic 
compound can be determined from its ESR spectrum. 
The first electron spin resonance study of molybdenum(V) 
solutions in hydrochloric acid was by Hare, Bernal and Gray , 69 
As expected, a strong signal was detected in concentrated 
hydrochloric acid, with a g value close to 2. 00J, the value for a 
free electron. At acid concentrations below 5 M there was little or 
no signal . But comparison of electron spin resonance data with 
magnetic susceptability data65 indicated that the ESR signal in 
6 M hydrochloric acid was weaker than expected . It was propo ed 
that the dimer to which the 450 nm electronic absorption band was 
attributed was paramagnetic, but ESR' inactive. The effect was 
attributed to spin pairing of the molybdenum d electrons in a xy 
paramagnetic molybdenum(V) dimer . The independence of the signal 
width on acid concentration indicated that the eQuilibrium between 
2 -8 
the [MoOC 15
1 - anion and the dimer wa attained in le s than 1 0  
seconds. Such a rapid rate indicated a ingle dimeric molecule, 
rather than interaction between two paramagnetic monomers. Hare , 
Bernal and Gray were in agreement with Haight68 concerning the 
identities of molybdenum(V) species in hydrochloric acid. 
A more detailed electron spin resonance study was later 
performed by Marov, et ai.70 Electron spin resonance spectra of 
0. 01 M molybdenum(V) solutions in hydrochloric acid were recorded 
over the acid concentration range of J M to 11 M ,  at JOJ ° K and 
77° K. A single signal was observed at 303° K, with a g value of 
1 , 948 , The symmetry of the signal indicated the molybdenum(V) 
species present was axially symmetric. But at 7 7° K , at acid 
concentrations less than 8 M ,  a second signal with a slightly 
lower g value was observed. It was favored at reduced acid 
concentrations, and was the strongest signal present in J M 
hydrochloric acid. Both signals were independent of the 
molybdenum(V) concentration. Some of the electron spin resonance 
spectra recorded at 77° K are shown in Figure 8. 
The signal favored at low temperature was attributed to a 
second ESR active molybdenum(V) species . It was suggested that 
the species was also probably present at room temperature , though 
its signal was not resolved. It was concluded from the symmetry 
of the signal that the second molybdenum(V) species had less than 
axial symmetry. 
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11 M HCl 
5 M HCl 
3 M  HCl 
Figure 8 .  Elec tron Spin Resonance Spectrum of a Molybdenum(V) 
Solution in Hydrochloric Acid at 77° K .  
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Marov, et al, were in agreement with Hare, Bernal and Gray
69 






-, for it. The 
equilibria in Table VI were proposed to explain the hydrolysis of 
molybdenum(V ) a acid concentration was reduced. 
Attempt to Isolate The Paramagnetic Dimer From Dilute Ac id 
C olton and Rose53 attempted to precipitate the paramagnetic 
molybdenum(V) dimer believed to be present in 6 M hydrochloric 
acid. Several monoxobridged compounds with the structure 
R4Mo2o3c 18 were separated from a very concentrated molybdenum(V) 
solution in dilute hydrochloric acid. Because the products were 
diamagnetic, it was concluded that the paramagnetic dimer in 6 M 
hydrochloric acid was not monoxobridged. A dihydroxobridged 
species was suggested to be the paramagnetic dimer. A proposed 
equilibrium between three molybdenum(V) species is shown in 
Table VII. 
Magnetic Susceptability Study of Equilibria in Hydrochloric Acid 
Jezowska-Trzebiatowska and Rudolf7
1 studied the equilibrium 
between the paramagnetic dimer and the diamagnetic species present 
at low acid concentrations , using magnetic susceptability measure­
ments. Temperature dependence of the paramagnetic species was 
measured over the temperature range of 20° C to 4o ° C, Dependence 
on hydrogen ion concentration was observed by adding different 
39 
TABLE VI 
EQUILIBRIA OF MOLYBDENUM (V ) SPEC IES IN HYDROCHLORIC AC ID 
PROPOSED BY MARov70 
(ESR active , at 6 M 
to  11 M ) 
(E SR active , at 6 M 
to 11 M ) 
(E SR active , at 6 M 
to  7 M ) 
(E SR act ive , at 6 M 
to  7 M ) 
(Paramagnetic , but 
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ESR inact ive , at 6 M ) 
(Diamagnetic , below 6 M ) 
TABLE VII 
EQUILIDH IA Qlt' MOLYBDENUM (V ) SPECIES IN HYDROCHLORIC ACID 
PR OPOSED BY C OLTON AND ROSESJ 
(E SR active ) 
(Paramagnetic , but ESR inactive ) 
(Diamagnetic )  
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TABLE VIII 
EQUILIBRIA OF MOLYBDENUM (V )  SPECIES IN HYDROCHLORIC ACID 
PROPOSED BY JEZOWSKA-TRZEBIATOWSKA AND RUDOLF
?l 
2 [�1 ooc 15) 
2 -n 
+ 2 Hz° 
2 �ooc14 (H2o)] - + 2 C l  
o l l  o ] 2 -
! l  OH JI [c 1lo<
OH
,::::Mci:! 13 
+ 2 H+ + 2 C l  n 
+ 2 Hz° 
!J OH 1 1  [ 
0 0 
r-( OH )C 12Mo::::::OH:::Md:! 12 ( OH)  
0 n O 2-
r(H20 )c 12Mo- o- Ud:! 12 (H2O )] 
l T  






2 C l  (Paramagnetic ) 
(Diamagnetic )  
+:" 
N 
j r + 2 H20 
-
TABLE VIII (c ontinued) 
1 1  ° r J [ o o � 2 
(H2o) ( OH)C JJ.10<
0
:::M ci n (OH ) (H2o)  + 2 H
+ + 
H + 2 H20 




(H20 ) 2( 0H)Mo:::: o
:=::Mo (OH) (H20) 2 + 2 C l  




amounts of ammonium chloride to 2 . 57 M hydrochloric acid. The 
concentration of ammonium oxopentachloromolybdate(V) , (NH4)2M oOC15, 
wa not given, but a imilar tudy in hydrobromic acid by the ame 
workers used 0 . 3 M elution • 7
2 
Calculations based on the magnetic data indicated that the 
e�uilibrium between paramagnetic and diamagnetic species was 
independent of acid concentration. This indicated that an 
intramolecular rearrangement was occurring , rather than hydrolysis . 






The reactions shown in Table VIII were proposed to explain the 
hydrolysis of the [Mocc15
J2- ion resulting from a reduction in acid 
concentration. 
Study of a Molybdenum(V) Species in Dilute Hydrochloric Acid 
Arden and Pernick?J studied the behavior of a 1 M hydro­
chloric acid solution of molybdenum(V) on a cation exchange 
column. The molybdenum species formed a yellow band on the 
column, and its behavior indicated a minimum charge of +2. A 
similar band resulted when 1 M perchloric acid was used as a 
solvent. Both b2nds showed electronic absorption spectra similar 
45 
to that shown by the 1 M hydrochloric acid solution. The imilar 
bchavio of th moly dcnum ...,pcclcs in hyd ochloric acid and 
pcrchloric ac"d indicated tha t  it contained no coo ina tcd chloride 
ion...,. Th oxidation tate of the molybdenum in 1 M hydrochloric acid 
was determined to be +5, and freezing point d preosion measurements 
indicated the molybdenum specie was a dimer. A dioxobridged 
structure, shovm below , was selected because the solution 
spectrum was similar to those recorded for the dioxobridged 
oxomolybdate(V) compounds .  
2+ 
·1OLYBDENUM( r) SOLUTIONS IN HYDROBROMIC ACID 
Early Work 
OxobromomolJbdate(V) compounds were first separated from 
hydrobromic acid at about the same time as the oxochloromolybdates 
irere first prepared, usin� similar procedures. They had the 
general formulas R2Mo0Br 5 ' RMo0Br4(H2o) , and RMo0Br4 ,
74 
Angell, James and Wardlaw?
l
} studied molybdenum(V) solutions 
in hydrobromic acid, using techniques similar to those used by 
James and Wardlaw 63 for studying hydrochloric acid solutions . 
The hydrobromic acid solutions were brown at high acid concentra­
tions, becoming dark red as the acid concentration was reduced .  
46 
It was concluded that the hydrolysis of the [Mo0Br5J
2- ion resulting 
rrom rJ D uL i on wa:, �:; ] m i.J ·1,r Lo Lha t oh) rv ,d f'or Lhe [M oCX: a r] 2- i0n63 
.J 
(Tabl v) . 
Magnetic Susc ptability Study 
Garside66 reported magnetic susceptability measurements of 
molybdenum(V) solutions in hydrobromic acid. Except for the 
slightly higher acid concentration at which the magnetic 
susceptability changed, the hydrobromic acid solutions showed 
magnetic behavior similar to that shown by the hydrochloric acid 
solutions. At acid concentrations above 6 M, paramagnetic species 
were indicated to be predominent, and at acid concentrations below 
4 M, the solutions were diamagnetic. The molar susceptability in 
concentrated hydrobromic acid solution was slightly greater than 
that recorded for concentrated hydrochloric acid solutions. The 
dependence of molar susceptability on hydrobromic acid concentra­
tion is shown in Figure 9. 
Because �uinolinium and pyridinium cations separate only 
oxotetrabromomolybdate salts from concentrated hydrobromic acid, 
Garside concluded that the molybdenum(V) species in concentrated 
acid was in the form of the [ Mo0Br4]
- anion. No other conclusions 
were made concerning other species present. 
Electronic Absorption Spectra 
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Figure 9 ,  Dependence of the Molar Susceptability of Molybdenum(V) on 
the Hydrochloric Acid and Hydrobromic Acid Concentrations. 
that molybdenum( V) species in hydrobromic acid might be different 
from those pre ent in hydrochloric acid . 
48 
Allen and Neumann75 tudied the electronic absorption spectra of 
oxomolybdate( V) compound in hydrobromic acid and in nonaqueous sol­
vents. Electronic absorption pectra of quinolinium oxotetrabromo­
molybdate( V) ,  quinHMoOBr4 , in stock acetonitrile , chloroform and 
dimethylformamide were recorded. The spectrum of ammonium oxopenta­
bromomolybdate(V) , (NH4)2Mo0Br5
, was recorded in dimethyl sulfoxide 
only, because the workers reported that the compound decomposed in the 
other solvents. Spectra of a third compound of unknown structure, 
MoO(OH)Br2 · 4H20, were obtained in ethyl acetate and chloroform 
solutions . Some of these spectra are shown in Figure 10. 
The nonaqueous solution spectrum of quinolinium oxotetra­
bromomolybdate(V) closely resembled the spectrum of a solution of 
ammonium oxopentabromomolybdate(V) in concentrated hydrobromic 
acid. Because the spectrum of the nonaqueous solution of 
ammonium oxopentabromomolybdate(V) in dimethyl sulfoxide was much 
different, Allen and Neumann concluded that there was no 
[ 
2 -appreciable concentration of the Mo0Br5) 
hydrobromic acid solutions . 
ion in concentrated 
Electronic absorption spectra of molybdenum(V) solutions in 
hydrobromic acid are shown in Figure 11 . Reducing the hydrobromic 
acid concentration to 6.5 M produced changes that were roughly 
analogous to changes observed in hydrochloric acid when acid 
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and 475 nm bands , with an approximate wave length of 450 nm. The 
700 nm band intensifie and hewed a shift to 740 nm. The 414 nm 
band decreased in intensity, and the 376 nm band showed a slight 
b oadcnj nG on the r.hort wav lcng th ,:>id • 
The 450 nm band was attributed to a molybdenum(V) species 
analogous to the paramagnetic dimer believed to be in 6 M 
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hydrochlorl· c  aci' d, 68-70 Th h . th t th t d e c anges in e spec rum a occurre 
when hydrobromic acid concentration was reduced to 6 M were explained 
by assigning bands at 370 nm, 450 nm and 740 nm to this species. 
The 450 nm band showed no dependence on molybdenum(V) concentration 
in the concentration range of 4 X 10-4 M to 5 X 10-5 M. 
Reducing the acid concentration below 5 M caused the visible 
absorption bands to become very weak o The band at 740 nm 
disappeared and a very weak band appeared at 840 nm. The spectrum 
was attributed to a third, more hydrolyzed molybdenurn(V) species. 
Reducing the acid concentration below 2 M caused the 290 nm and 
840 nm bands to decrease in intensity. This change was 
attributed to the formation of a fourth , even more hydrolized 
species. The spectrum of a 2 M hydrobromic acid solution showed 
no dependence on molybdenum(V) concentration in the concentration 
range of 4 X 10-4 M to 5 X 10-S M. 
Because the electronic absorption spectra showed no d�pendence 
on molybdenum(V) concentration, Allen and Neumann concluded that 
either all species were monomeric or were polymerized to the same 
extent. They studied a molybdenum(V)-molybdenum(VI) equilibrium 
in concentrated hydrobromic acid to determine whether or not the 
moly cl num(V) rpcci ..., were monom rlc. The reaction believed to 
occur is hown below. M olybdenum(V) cone ntratj ons resulting from 
JMo(VI) + 61/ + 6Br 
addition of different amounts of tribromide ion to a molybdenum(V) 
solution were determined from the intensities of the 414 nm and 
700 nm bands. 
Calculated equilibrium constants for the solutions showed 
more consistant values if both the molybdenum(VI) and 
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molybdenum(V) species were assumed to be dimeric , It was concluded 
that all of the molybdenum(V) species in hydrobromic acid were 
dimeric, since no dependence on molybdenum(V) concentration was 
noted. The molybdenum(V) species in concentrated hydrobromic acid 
[ 
2-was concluded to have the formula Mo0Br4]2, 
structures of this species are shown below, 
Two suggested 
The formula of the 
molybdenum(V) species attributed to the 450 nm band was suggested 
0 
to be [MoO(OH) Br2J2, because of the similarity of its electronic 
absorption spectrum with that of the compound with the formula 
MoO(OH)Br2 • 4H20. No conclusions concerning the structure of the 
species was made, except that it would have to be dimeric if the 
molybdenum was to be octahedrally coordinated. Three formulas, 
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[ Mo
2olr2f", [ Mo2o2 Br2 ( OH) 4 (H2o)] O and [ Moiir2 ( OH) 6] 2- were proposed 
for the molybdenum(V) species predominant in J M hydrobromic acid. 
The molybdenum(V) species predominent in 1 M hydrobromic acid was 
suggested to be a completely hydrolyzed molybdenum(V) cation. 
Wendling76 performed a more detailed spectrophotometric 
study of these solutions, using a large number of different acid 
concentrations from 1 M to 9. 4 M. The oxalate complex , l\f o2o4(c204) 2
• 
.5}{20 was used as a molybdenum(V) source. The molybdenum concentra­
tion in all of these solutions was 6 X 10-J M. 
A second set of molybdenum(V) solutions in formic acid 
containing hydrogen bromide were also prepared. The above oxalate 
complex was also used to prepare these solutions. Hydrogen 
bromide was introduced into the formic acid solution by adding 
small amounts of very concentrated hydrobromic acid. The 
molybdenum(V) concentration was 6 X 10-J M. The hydrogen bromide 
concentration was reported as the ratio of moles of molybdenum(V) 
to moles of hydrogen bromide. The ratio of molybdenum(V) to 
bromide of the species in a formic acid solution was assumed to be 
similar to the ratio of molybdenum(V) to bromide present in the 
solution, 
The concentrated hydrobromic acid olution pectra repor ted by 
Wendling resembled those reported by Allen and Neumann. 75 
Dependence of band intensities on acid concentration are shown in 
Figure 12. One effect , not observed by Allen and Neumann, was the 
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Figure 12 . Dependence of Electronic Absorption Band Intensities 
on the Hydrobromic Acid Concentration . 12 
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hydrobromic acid concentrations greater than 7 M. Reducing the 
acid concentrat·on b low 9 M caused the 375 nm band to show an 
increa e in inten ity relative to the 415 nm band. The 470 nm and 
710 nm band how intensity increa es, but only at acid 
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concentrations below 7 M. Wendling concluded from the above 
observations that two molybdenum(V) species were present in 
addition to the species predominent in concentrated hyd.robromic 
acid. No  mention was made of changes in position by the 470 nm and 
710 nm bands, which were indicated by Allen and Neumann. 
The electronic absorption spectra at acid concentrations from 
J M to 5 M were similar to those reported by Allen and Neumann. 
Wendling agreed with them that two molybdenum(V) species were 
present in this concentration range. An increase in ultraviolet 
absorption that occurred at acid concentrations below J M was 
attributed to some unreacted oxalate complex. 
The formic acid-hydrogen bromide solution spectra resembled 
the hydrobromic acid solution spectra. The 375 nm band was more 
intense relative to the 415 nm band than in the a�ueous solutions. 
C onductimetric measurements were made of the formic acid 
solutions. Changes in slope of the conductance curve were noted 
where molybdenum bromide concentration ratios were 1 : 2, 1 : 4 , 1 : 5 , 
and 1 : 6. A new species was concluded to appear at each break in 
the curve. 
C onclusions concerning the molybdenum(V) species in hydrobromic 
acid are shown in Table IX. N o  conclusions were made about 
TABLE I X  
MOLYBDENUM (V ) SPECIES IN HYDROBROMIC ACID 
PROPOSED BY WENDLING ?6 
Acid Concentrat · on Where 
M ost Abundant 
0 , 0 - 1 .  0 M 
3 , 0 - 5 , 0 M 
5 , 0 - 7 , 9 M 
6 . 5 - 7 , 9 M 
6 . 5 - 9 , 4 M 
Absorption Bands 
301 
375 , 415 , 470 , 710 
375 , 415 , 470 , 710 
375 , 415 , 470 , 710 







structures of species except for the moly1::xienum(V) species in 
concentrated acid, which was uggested to be [MoBr6 J- . 
Spectra 
An electron spin resonance study of 0. 02 M molybdenum(V) 
solutions in 5 M to 9 . 4 M hydrobromic acid by Dowsi� and 
Gibson77 indicated the presence of two ESR active molybdenum(V) 
species. Electron spin resonance spectra recorded at different 
hydrobromic acid concentrations are shown in Figure 13 , In 
concentrated hydrobromic acid, a single signal was recorded, with 
a g value of 1 , 994 .  From the symmetry of the signal, the 
molybdenum(V) species attributed to it was concluded to be 
axially symmetric , Hyperfine splitting observed at 120° K indicated 
that the species probably had four bromide atoms in a plane 
perpendicular to the axis of symmetry of the molecule , 
Reducing the acid concentration to 6 M caused the appearance 
of an overlapping signal attributed to a second ESR active 
molybdenum(V) species , with an estimated g value of 1 , 975 , The 
symmetry of the signal indicated that the molybdenum(V) species 
had less than axial symmetry, and hyperfine splitting at 120° K 
indicated that it had one or more molybdenum-bromide bonds. 
Dowsing and Gibson concluded that the second ESR active species 
was the most abundant ESR active species in 7 M hydrobromic acid. 
A comparison of electron spin resonance results with magnetic 
susceptability data from Garside66 indicated the presence of a 
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paramagnetic, ESR inactive molybdenum(V) species, analogous to  that 
observed in hydrochloric acid6S -?O and most abundant in 6 M to  
6 . 5 M hydrobromic acid. Calculations indicated that in 6 M acid 
half o the molybdenum(V) was in this form. Two sets of possible 
equilibria, hown in Table X, were proposed to explain the 
results. The structures were based on the assumption that the 
equilibria were independent of the bromide ion concentration. No 
explanation of how this was determined was given • . 
Marov, et al�?O in a later electron spin resonance study of 
0, 01 M molybdenum(V) solutions in hydrobromic acid , came to a 
similar conclusion concerning the presence of two ESR active 
species. They also agreed with Dowsing and Gibson7 7  concerning 
the symmetries of the two species, Curve analysis was used to 
determine more accurately the signal shapes and the concentrations 
of the ESR active species. Calculations indicated that the 
species favored at lower acid concentrations has a maximum 
concentration of 7 . 5 per cent in 6. 8 M hydrobromj_c acid. Its g 
value was determined to be 1 . 984 , somewhat higher than the value 
reported by Dowsing and Gibson. 7 7  In 13 . 5  M hydrobromic acid , all 
of the molybdenum(V) was in the form of the species favored at 
higher acid concentration. Its g value was determined to be 
1 . 993 . The concentration of the more abundant ESR active species 
in 8 M hydrobromic acid was favored slightly if molybdenum(V) 
concentration was reduced from 5 X 10-2 M to 5 X 10-J M. The 
abundant species was favored at lower temperatures. A weak , broad 
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O P P H  
Fibure lJ. Electron Spin Resonance Spectra of Mo lybdenum ( V )  Solutions 
in 6 . 8 M and lJ , 7  M Hydrobromic Acid .
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TABLE X 
EQUILIBRIA OF MOLYBDENUM ( V )  SPEC IES IN HYDROBROMIC AC ID 
PROPOSED BY DOWSING AND GIBSON ? ?  
Ii 2-2 LM °IF 1 2 H20 
2 [Mo0Br4 ( OH )] 
z- + 2 HBr 
li 0 0 6-
[ 1 1  �o� 1 1  ] Br 4 -Mo� O / M o-Br 4 + 2 H+ 
2 (M o 1rr� f 2 H20 
2 [M o0Br4] - + 2 HBr 
n + 2 H20 
0 0 6-
[ 







(E SR act ive , 6 ,,. -
9 M H3r) 
(E SR active , 6 
7 M H3r) 
(Paramagnetic , but ESR inactive , 6 M -
6 . 5 M HBr) 
V\ '° 
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signal observed in 6 M hydrobromic acid was assigned a g value of 
1 . 972 . It was attributed to the paramagnetic species thought to be 
ESR inactive. 77 Calculated concentrations of the ESR active 
species are shown in Table XI,  
Two different structures , [Mo0Br
5]
2- and [Mo0Br4 (H2o)] - , were 
proposed for the more abundant ESR active species. The former 
structure was chosen because a diffuse reflectance spectrum of 
quinolinium oxopentabromomolybdate(V) , (quinH) 2Mo0Br5
, was similar 
to the electronic absorption spectrum of a molybdenum(V) solution 
in concentrated hydrobromic acid , The less abundant species was 
O 1 -proposed to have the structure [Mo0Br3(H2�) ]  or [MoOBr3( oH ) (H20� . 
The equilibria present in hydrobromic acid were concluded to be 
similar to those proposed by the same workers for hydrochloric 
acid , shown in Table VI. 
Magnetic Susceptability Study of The Equilibrium Between Para­
magnetic and Diamagnetic Species 
Jezowska-Trzebiatowska and Rudolf
72 performed a magnetic 
susceptability study of the equilibrium between diamagnetic and 
paramagnetic molybdenum(V) species in 7 M hydrobromic acid. The 
molybdenum(V) concentration was O , J M. Results were much 
different from those obtained in a similar study by the above 
workers in hydrochloric acid (page 39) . 71 Calculations indicated 
that conversion of the paramagnetic molybdenum(V) species to  the 
diamagnetic species involved the loss of 16 hydrogen and bromide 
ions. It was demonstrated that for this to occur, the 
TABLE XI 
ESTIMATED CONCENTRATIONS OF ESR ACTIVE MOLYBDENUM (V ) SPEC IES 
IN HYDROBROMIC Ac rn70 
HB Cone .  
13 . .5.5 100 
11 . 04 93. 8 
9 . 36 6.5 . 8 
7 . 78 51 . 1  
53 . 6 
7 . 6 50 . 7 
49 . 7 
7 . 2 42. 6 
6 . 8 36 . 9 
42. 1 
6 . 4 16 . 9 
6 . o 10 
15  
18 
% Species II 
2. 6 
4. 3 
3 . 9 
3 . 7 
4 . 2 
7. 5 
7 . 6 
4 . 6 
6 . 4 
1 . 5  
% Other II/I 
41 . 3  0. 051 
41 . 8  0. 080 
45 , 4  0. 077 
46 . 6 o. 07.5 
.53 . 2 0. 10 
55. 6 o. 20 
50 . 3 0. 18 
78. 5 0. 27 
83 . 6 0. 64 
83 . .5 0. 10 
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molybdenum(V) species must show a polymerization degree greater 
than 2. 
The two species were c oncluded to be tetramers in O. J M 
solutions. The workers agreed with the conclusion of Allen 
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and Neumann7 5  that the molybdenum(V) species are dimeric in dilute 
molybdenum(V) solutions. This was indicated by comparison of the 
electronic absorption spectra of O, J M and 4 X 10-
4 
M molybdenum(V) 
solutions. Structures of other molybdenum(V) species in hydro-
bromic acid were not proposed. 
diamagnetic 
4-
+ -+ 8H , 8Br 
( 
0 . 0 
n /
Br j �Br 
Br - Mo-- OH - Mo - Br 
/ \  / j  B:rl' OH Br OH 
I /Br 
Ir 
Br/20 - OH-- Mo--.-Br 







Hydrogen bromide was supplied from Matheson Gas Products . For 
most purposes , no further purification was necessary. When used in 
anhydrous systems, it was passed through a drying tube containing 
a mixture of phosphorus pentoxide and calcium sulfate. 
Nitrogen 
Nitrogen was dry grade from Linde C ompany. It was passed 
through a drying tube containing a mixture of phosphorus pentoxide 
and calcium sulfate to remove any moisture that might be present. 
Hyd.robromic Acid 
Hyd.robromic acid was reagent grade , from J . T. Baker and 
Fisher Scientific C ompanies. Acid concentrations were 8. 7 M or 
9.4 M. The acid was used without further purification for most 
purposes. The acid was unsuitable for accurate spectro­
photometric studies because of the presence of the tribromide 
ion, which absorbs in the ultraviolet region and oxidizes 
molybdenum(v). 75 
Most of the hydrobromic acid used for pectrophotometric 
work was prepared by bubbling hydrogen bromide through water 




Figure 14 .  Apparatus for the Preparation o f  Hydrobromic Acid. 
The solution was stirred vigorously during the addition. Tygon 
tubing was used to carry the hydrogen bromide into the apparatus, 
and a 250 ml beaker wa u ed a a trap to prevent acid from being 
sucked into the tank valve , The end of the glass tube through which 
the hydrogen bromide was introduced was bent into a loop to prevent 
a brown liquid that collected in the tubing from running into the 
dropping funnel. The exit tube was partially closed with a 
stopcock to produce a slight positive pressure , and the nitrogen 
flow was held to a minimum to reduce loss of hydrogen bromide. The 
apparatus could produce any acid concentration up to 13 . 5 M, with 
minimal formation of tribromide ion. 
Some hydrobromic acid used as a solvent for electronic absorp­
tion spectra was purified by distillation of stock hydrobromic acid 
over red phosphorus in a nitrogen atmosphere. The procedure, given 
by Allen and Neumann, 75 yielded 8 . 7 M hydrobromic acid. 
Hydrobromic acid concentrations were determined by transferring 
1. 00 ml of acid to 75 ml of water and titrating with 1. 000 M sodium 
hydroxide solution. Phenolphthalein was us8d as the indicator in 
the titrations. 
Ethanol 
Absolute ethanol was supplied by Publicker Industries , When 
required, anhydrous ethanol was prepared by a distillation procedure 
similar to that given by Dendinger. 78 
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Anhydrous Ethanol-Hydrogen Bromide Solutions 
Fre hly di tilled anhydrou ethanol was collected in an 
apparatu imilar to that used for bubbling hydrogen bromide through 
water . Hydrogen bromide concentrations of up to 6 M could be 
obtained. 
The hydrogen bromide concentration in ethanol was determined 
using the same method used for hydrobromic acid. The presence of 
1 ml of ethanol in 75 ml of water was assumed to have no significant 
effect on the titration with sodium hydroxide solution . 
Chloroform 
National Formulary grade chloroform was obtained from the 
Mallinckrodt C ompany. It contained approximately 0 . 75% ethanol to 
inhibit formation of phosgene . 79 It was purified by distillation 
over phosphorus pentoxide, using the apparatus and procedure 
80 reported by Holmes. It was collected and stored under nitrogen in 
a 125 ml dropping funnel. 
Acetonitrile 
Acetonitrile was A.C.S . grade, from Fisher Scientific C ompany. 
81 It was purified using a method given by Welcher. The 
di tillation apparatus hown in FiGure 15 wau uocd . 
The nitrogen flow system was designed so that the direction of 
flow could be easily reversed. If pinch clamps were located at 
positions #1 and #J on the tubing (Figure 24) , nitrogen flow was 
from flask #1 to flask #2. The flow was reversed if the two pinch 
clamps were located at positions #2 and #4. 
The purification procedure required several di tillations in a 
dry nitrogen atmosphere. Oil baths were used to avoid overheating. 
After each distillation , the flask from which the acetonitrile had 
been distilled was replaced by an unused one. When a flask was 
replaced, a strong flow of nitrogen was directed toward the 
resulting opening to prevent air from leaking in . A flask was 
purged for about 15 minutes after being attached to the system. 
A 350 ml volume of acetonitrile was allowed to stand over 
anhydrous calcium sulfate for 24 hours in flask #1, It was distilled 
into flask # i , which contained phosphorus pentoxide. The 
acetonitrile was then distil+ed twice over phosphorus pentoxide and 
once over calcium carbonate. After the acetonitrile had been 
distilled into flask #1, a vacuum jacketed fractionating column 
82 described by Holmes was attached to flask #2. The acetonitrile 
was distilled into flask #2 , and then fractionally distilled. The 
first and last 10  ml fractions were discarded , The distillate was 
collected in a dropping funnel similar to that used for prepaTing 
hydrobromic acid solutions and stored there under nitrogen until 
used . The yield was only about 100 ml because a reaction with the 
phosphorus pentoxide resulted in a olid nonvola Llle rc � idue. 
Ethyl Ether 
Ethyl ether was A. C. S .  grade from Matheson , C olemen and Bell. 
It was stored over sodium metal with a drying tube containing 
calcium chloride in the mouth of the bottle. 
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Figure 15. Apparatus for Purification of Acetonitrile . 
Dimethyl Sulfoxide 
Dimethyl sulfoxide was reagent grade, from Baker Chemical 
C ompany. It was used without further purification. 
Potassium Bromide 
Potassium bromide was A .C.S. grade from Baker Chemical Company . 
It was dried 48 hours in a drying oven at 120° C and stored in a 
desiccator over solid potassium hydroxide. 
Sodium Chloride 
S odium chloride was A.C , S.  grade from Matheson, C oleman and 
Bell , It was dried 48 hours in a drying oven at 120° C.  
Aniline 
Aniline was A , C , S. grade from Baker Chemical Company . It was 
distilled using a Kimble Labset fractional distillation assembly. 
Potassium Chromate 
Potassium chromate was A. C.S ,  grade from Fisher Chemical 
Company. It was dried 48 hours in a drying oven at 120° C. 
C opper Sulfate 
C opper sulfate was reagent grade from Baker Chemical C ompany. 
It wa dried L�8 hours in a drying oven at 120° C.  
C alcium Carbonate 
Calcium carbonate was A , C, S, grade from Baker Chemical 
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INFRARED ABSORPTION SPECTRA 
Baker 
South Dakota State 
University 
Infrared absorption spectra were obtained over the fre�uency 
range of 4000 cm-l to 250 cm-l on a Model 521 Perkin-Elmer grating 
spectrophotometer , operated in the normal scan mode, Settings 
were : slit program in , 1 000 ; gain , 5 ; attenuator speed, 100 0 ; 
scan time, 12 ; suppression , 5 ;  and source current , 0. 8 amp. 
Potassium bromide pellets were prepared by mixing 1 , 5 mg to J , 5 mg 
of sample with 175 mg of oven dried potassium bromide. The 
mixture was ground to a fine powder with an agate mortar and 
pestle, and pressed at 15 , 000 lb pressure for 20 minutes, using a 
Perkin-Elmer evacuable die and a Carver Model B laboratory press. 
Even very thin potassium bromide pellets containing the 
oxobromomolybdate(V) compounds had rather low transparencies, 
especially at higher infrared fre�uencies. This appeared to be 
attributable to the presence of a coordinated molybdenum(V) 
atom , since infrared absorption spectra of the bromide salts of 
some of the cations in the compounds showed significantly greater 
transparency. An adju table shutter wa placed in the reference 
beam to compensate for this effect . C omparison with infrared 
absorption spectra obtained without using a shutter on the 
reference beam indicated that little or no loss of resolution 
resulted. 
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Infrared absorption spectra of nujol mulls of the compounds 
were also recorded. Sodium chloride or potassium bromide plates 
were used to hold the mulls. 
One of the molybdenum(V) compounds prepared, tetraoxotetra­
hydroxooctabromoaquotetramolybdenum(V), decomposed when placed in 
contact with potassium bromide . A nujol mull of the sample was 
placed between  two thin polyethylene sheets , which were held 
between potassium bromide plates in the sample beam. Nuj ol was 
held between two polyethylene sheets in the reference beam. 
ELECTRONIC ABSORPTI ON SPECTRA 
Solution Spectra 
Ultraviolet, visible and near infrared absorption spectra 
were obtained, using two Beckman Model DK-2A recording spectro­
photometers. One of the instruments, located at the Chemistry 
Department , scanned wave lengths at a constant rate , After it was 
converted to a diffuse reflectance spectrophotometer, the 
spectrophotometer at Experiment Station Biochemistry was used. 
The latter instrument scanned frequencies at a constant rate. 
Standard curves were made for both spectrophotometers using 
solutions of potassium chromate, copper(II) sulfate , and cobalt(II) 
nitrate. Absorbance values for potassium chromate and copper ( II)  
sulfate solutions were obtained from the National Bureau of 
82 Standards. Absorbance values for the cobalt(II) nitrate 
solutions were obtained from comparison with absorbance values for 
?J 
potassium chromate solutions. Settings were : sensitivity, 2 0. 0 ; 
scan, 220 nm to 900 nm ; photomultiplier, lx ; and total length of 
scan wa,,.. 7. 5 minutes , Sili ca sample cellv wi th thicknessc::; of 
1 mm and 1 cm were  used. 
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Visible and near infrared absorption spectra of some concentrated 
molybdenum(V) solutions were recorded using very thin sample cells 
made from microscope slides. Two 1 cm wide pieces of glass were 
held apart by a polyethylene divider. The cell was held together 
and sealed with Scotch Brand magic tape (Figure 16) . Each cell 
was filled by placing a drop of solution on the small opening at 
the top of the cell. Capillary action caused the cell to fill. 
It was shaken to remove air bubbles, sealed and used immediately. 
After being used, the sample cell was completely dismantled and 
washed. A reference cell was prepared in the same manner. Path 
length was estimated by comparing the absorbance of a weak band at 
about 700 nm with the absorbance of the same band using a 1 mm 
sample cell. The cells were used only for aqueous solutions. 
Path lengths were about 0. 07 mm or 0. 03 mm, depending on which of 
two sets of polyethylene dividers were used. 
Solid Electronic Absorption Spectra 
Potassium bromide pellets were prepared using a modification of 
a procedure given previously. 83 Dry potassium bromide (0. 2 gm) was 
ground to a powder with an agate mortar and pestle. Enough sample 
was added ( 0 . 5 mg to 1. 0 mg) to give the potassium bromide a noticeable 




tint. The mixture was ground to a very fine powder and pressed for 
about 45 minutes into a pellet , as described above. After being 
removed from the die, the pellet was immediately covered with nujol 
and allowed to stand in it for about 5 minutes. Treatment with nujol 
improved tran parency , and protected the pellet from fogging. 
Pellet thickness was about 1 . 5  mm . Many pellets were transparent 
between 230 nm and 1000 nm. 
Concentrations of some of the oxobromomolybdates were re�uired 
to be very low to retain sufficient transparency. Because of the 
low concentrations, onlr the ultraviolet bands were sufficiently 
intense to be clearly resolved. Much thicker pellets were used to 
record the visible and near infrared spectra of these compounds . 
Approximately 0 . 2 mg of sample and up to 2 gm of potassium bromide 
were used to make the thick pellets, which were sufficiently 
transparent for absorption spectra between 350 nm and 800 nm. 
A potassium bromide pellet of normal thickness was held in 
the sample beam in a pellet holder made of card paper , located 
between the cell holder and the sample cavity wall. The thick 
pellets were mounted in the cell holder . A pure potassium bromide 
pellet of comparable thickness and transparency was mounted in the 
sample beam . The reference beam shu L Lcr waLl uGually clo�cd 
partially to compensate for any difference in transparency between 
the sample and reference pellet . It was usually necessary to set 
the photomultiplier to 20X to record the visible and ultraviolet 
spectra. 
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DIFFUSE REFLECTANCE SPECTRA 
A Beckman DK�2A Spectrophotometer with a Beckmann 24500 
reflectance attachment was used. Because no suitable sample cells 
were available, two were made from microscope slides , Two glass 
slides were held apart by a piece of 1/8 inch rubber sheeting. A 
hole cut in the rubber held the sample, A similar cell containing 
magnesium oxide was placed in the reference beam . Most samples 
were ground to a fine powder , but were not diluted . Reflectance 
spectra were taken only in the visible and near infrared regions , 
since the glass used was opaque to ultraviolet light. Settings 
were similar to those used for solution spectra. 
ELECTRON SPIN RESONANCE SPECTRA 
An X band electron spin resonance spectrometer with a " magic 
Tee 1 1  microwave bridge and phase sensitive detector was used . 
Field modulation was 100 KHz and frequency was between 9 , 45 and 
9, 55 Ghz. The modulating field was introduced by coils mounted 
on the sides of the resonance cavity. Quartz sample tubes with 
diameters of 2 mm were used for solid samples, and a standard 
quartz liquid cell confined liquid samples to the region of 
minimum electric field in the cavity . Diphenyl picryl hydrazile 
(DPPH) ,  with a g value of 2, 004 , was used as a standard. A 
small grain of it was added to each solid sample. For liquid 
samples , a grain of DPPH was glued permanently to the outside 
wall of the sample cell. The first derivative of each signal was 
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recorded. No detailed curve analyses were undertaken , The estimated 
g values for the aqueous solution spectra obtained in this study 
were close to those determined by Marov, et a1 . 70 from curve 
analy is. 
The DPPH on the liquid cell was also u ed as a standard for 
comparing ESR signal intensities in different solutions. Signal 
noise and drift often made it difficult to accurately c ompare signal 
intensities in the aqueous solutions , When this was a problem, the 
intensity of a signal was estimated by manually changing the 
magnetic field strength to repeatedly move from the positive 
maximum to the negative maximum of the signal and back to the 
positive maximum. After six or more trials, the average intensity 
was calculated from the values obtained , 
The approximate area covered by an ESR signal was estimated by 
the equation A =  YW1/2, where Y and W1/2 are the amplitude and half 
width of the first derivative of the signal . The area of the signal 
relative to that of the DPPH was divided by the molybdenum(V ) 
concentration to obtain an intensity value analogous to the molar 
extinction c oefficient used in electronic absorption spectrosc opy , 
Signal areas were calculated only for the electron spin resonance 
spectra of molybdenum(V) solutions in hydrobromic acid , 
ELEMENTAL ANALYSES 
Molybdenum Analysis 
A fast , simple method for molybdenum analysis was desired 
because of the large number of analyses required in this study. 
Considerable difficulty was encountered before a satisfactory 
method was developed. 
Digestion of Samples 
1. Digestion in C oncentrated Sulfuric and Nitric Acids 
A modification of the procedure reported by Dendinger78 for 
digestion of oxomolybdate compounds was attempted . Samples were 
refluxed in half and half solutions of concentrated sulfuric acid 
and nitric acid in JO ml Kjeldahl flasks. Bunsen burners were used 
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to heat the solutions and a glass mantle attached to an aspirator was 
used to collect the acid fumes given off. The solutions were not 
evaporated in beakers on a hot plate , as reported by Dendinger , 78 
because the acid fumes had caused damage to the blower on the chemical 
hood. 
Several disadvantages caused the method to be discarded. The 
digestion and evaporation procedures required three days or more , 
and required constant attention. Another problem was the tendency 
of the hot acid solutions to climb the wall of the flasks. This 
caused olid ma terial to coll ct on the mantle and the ou ter wall 
of the flask. Also , some of the sample residue that resulted from 
evaporation of the acid could not be redissolved. 
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2. Parr Bomb Digestion 
Parr bomb digestion with sodium peroxide and sucrose84, 85 
proved to be unsatisfactory because of incomplete combustion of 
organic material, and the large amount of insoluble material that 
resulted . Neutralizing the alkaline solution caused more material 
to precipitate . Another disadvantage was the resulting high sodium 
concentration in the sample, which interfered with the molybdenum 
analysis discussed below . 
3, Digestion in Sodium Hydroxide and Hydrogen Peroxide 
A sample was refluxed with 1 0  ml of 6 M sodium hydroxide and 
2 ml of JO% hydrogen peroxide, using a procedure given by Dutta and 
Chatterjee . 86 After refluxing for one hour, the solution was 
extracted with chloroform to remove organic material . The method 
was found to be unsatisfactory for compounds prepared in this 
study, because a large amount of a white insoluble residue resulted 
from the digestion . If the compound contained an organic cation or 
ligand, a heavy precipitate resulted when the solution was 
neutralized after being extracted, As in the Parr bomb digestion, 
the high concentration of sodium interfered with the molybdenum 
analysis discussed below . 
4 . Digestion in Ammonium Hydroxide and Hydrogen Peroxide 
A procedure for digestion, using ammonium hydroxide and hydrogen 
peroxide, gave good results for all of the oxobromomolybdate(V) 
compounds prepared in this study. About 0. 2 gm of sample was 
accurately weighed and transferred to a 200 ml Erlenmeyer flask. 
Water ( 15 ml) w�s added , and the mixture was swirled , Five ml 
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of 12 M ammonium hydroxide was added , followed by 10 ml of J% 
hydrogen peroxide, An inverted crucible cover was put over the 
mouth of the flask , and the contents were heated to boiling. After 
most of the hydrogen peroxide had decomposed, the flask was taken 
off the hot plate, and an additional 10 ml of hydrogen peroxide was 
carefully added. After refluxing for 10 minutes , the solution 
was diluted to 100 ml. It was refluxed gently for about one hour , 
until the vapor no longer turned red l itmus paper blue . Allowing 
the solution to boil too long often resulted in a white precipitate 
after the solution was c ooled. The digestion was assumed to convert 
all of the molybdenum present into the +6 oxidation state, 
Gravimetric Analysis Using 8-Hydroxyquinoline (Oxine) 
The molybdenum(VI) present in a digested sample solution was 
determined gravimetrically by precipitation of dioxodi(oxine) ­
molybdenum(VI) , Mo02(oxine) 2 • The procedure was based on one 
given by Furham. 87 The method of analysis was selected because it 
was relatively fast , s imple and ·reliable. The digested solution 
was neutralized with 6 M sulfuric acid, usine methyl red indicator. 
The acid was added dropwise until the solution turned pink. Five 
ml of 2 M ammonium acetate buffer solution was added immediately , 
followed by two more drops of acid. A 5% oxine solution in 2 M 
acetic acid was then added dropwise with swirling . The end point 
was indicated to be close when the resulting yellow orange suspension 
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began to coagulate. A few more drops of oxine solution were added, 
and the mixture was allowed to stand for 6 to 10  hours. After most 
of the product had settled, a drop of oxine solution was added to 
make sure that the end point had been reached , A large excess of 
oxine was avoided, because excess oxine had a strong tendency to 
adhere to the product. 
After standing for 8 hours, the product , dioxodi(oxine) ­
molybdenum(VI) , Mo02(oxine) 2, was isolated in a preweighed , medium 
porosity sintered glass crucible, using suction filtration. The 
contents of the flask were swirled immediately before being poured 
into the crucible. This was done to quickly produce a layer of 
product on the surface of the filter. The layer was very effective 
in trapping very fine particles of the product, which would 
otherwise go through the filter. The suction was kept at a 
minimum during the first few minutes of the filtration, and then 
gradually increased. 
The product was washed six times or more with 2 M acetic acid, 
using a total volume of 100 ml or more. It was then washed four 
times with water , using a total volume of about 50 ml. The crucible 
was dried in an oven at a temperature of 13 0° C for 24 hours. It 
was cooled in a desiccator over solid potassium hydroxide and 
weighed. Most analyses showed variations of less than 0 . 5% . 
Estimation of Molybdenum(V) C oncentrations in Nonaqueous S olutions 
Molybdenum concentrations in some chloroform and ethyl ether 
solutions were estimated using a method reported by Allen and 
Neumann. 75 One ml of a molybdenum(V) solution in a nonaQueous 
solution was extracted with 24 ml of 8. 7 M hydrobromic acid in a 
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25 ml volumetric flask , and the electronic absorption spectrum of the 
extraction solution was recorded. The molybdenum concentration in 
the extraction solution was estimated by comparison of the 415 nm 
band intensity with that shown by a molybdenum(V) solution of 
known concentration in 8 , 7 M hydrobromic acid. The molybdenum 
concentration of the nonaqueous solution was then calculated from 
the molybdenum(V) concentration in the extraction solution. 
Molybdenum(V) concentrations were calculated on the assumption 
that all molybdenum in the nonaqueous and aqueous solutions were in 
the +5 oxidation state. But other oxidation states of molybdenum 
may have been present in the relatively  unstable nonaqueous 
solutions. Also, the presence of nonaqueous solvents and different 
cations in the extraction solutions could have had an effect on 
band intensities. Because of the above uncertainties, the 
concentrations and molar extinction coefficients calculated for 
chlor oform and other solutions were assumed to be only approximate , 
Solu�ion concentrations of compounds containing the 
quinolinium, pyridinium or the trimethylphenylammonium ions could 
not be determined using this method . The �pcctra of the hydrobromic 
acid extraction solutions of these compounds showed no di tinct 
visible bands, indicating decomposition. 
Bromine Analysis 
Digestion of Samples 
1. Dig tion Using Alkaline Hydrogen Peroxide 
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Approximately 20 ml of water was added to an accurately weighed 
sample in a 150 ml beaker or 200 ml Erlenmeyer flask. A 150 ml 
beaker was always used if a potentiometric analysis was to be done. 
The volume of 6 M sodium hydroxide solution necessary to 
neutralize all of the hydrobromic acid released by the sample was 
estimated. About twice this volume was added to the solution to 
insure a sufficiently basic solution. Fifteen ml of 3% hydrogen 
peroxide was added , and the solution was refluxed gently for one 
hour and allowed to cool. 
2. Digestion Using Alkaline Permanganate Solution 
An alternate method of digestion , sometimes found to be 
necessary, was digestion in an alkaline permanganate solution. S olid 
potassium permanganate ( 0. 1 gm) and solid potassium hydroxide ( o . 6 gm) 
were added to a 200 ml Erlenmeyer flask containing 0. 2 gm of samples 
Approximately 10  ml of water was ada.ed, and the mixture was boiled 
gently for several hours. Enough dextrose was added to the hot 
solution to reduce all of the permanganate . The manganese dioxide 
precipitate was separated by gravity filtration through filter 
paper, and washed thoroughly with water. The filtrate was 
evaporated on a hot plate to a volume of 40 ml. 
Removal of Organic and Molybdenum(V) C ompounds from Digested 
Sample S olutions 
Attempts to determine bromide composition gravimetrically by 
precipitation oI ilver bromideB?, BB were unsuccessful . It was 
found that silver ion would also precipitate molybdenum(VI) 
compounds and organic compounds from a digested sample solution . 
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A procedure used for preparing food samples for chloride 
analysis89 was modified to remove the interfering compounds . It was 
used only for samples which were to be analyzed using the volumetric 
method described below. A digested sample solution in a 200 ml 
Erlenmeyer flask was evaporated to dryness on a hot plate . After 
cooling , an accurately measured 50 ml volume of 6% ferric sulfate 
solution was added to the sample residue . Solid oxalic acid was 
added to neutralize the solution and dissolve the ferric hydroxide 
precipitate that resulted . The contents of the flask were swirled 
until all of the sample residue had dissolved . Two glass rings 
were put in the flask to help dislodge residue on the bottom of the 
flask . After the residue had been dissolved , an accurately 
measured 50 ml volume of 0 . 75 M ammonium hydroxide was added . The 
resulting heavy brown precipitate of ferric hydroxide was allowed 
to stand in the tightly stoppered flask for about 12 hours . The 
ferric hydroxide was then separated using gravity filtration 
through a filter paper , Exactly 50 ml of the filtrate was 
transferred with a pipet to another 200 ml Erlenmeyer flask , 
Addition of oxine solution to one of these solutions after adjusting 
D 
the pH produced only a colloidal suspension, indicating almost 
all of the molybdenum(VI) in the solution had coprecipitated with 
th ferric hydroxide . The above treatment wav nccePsary to obtain 
consistent and accurate results using the volumetric analyGis 
described below . 
Bromine Analysis of Digested Samples 
1. Volume tric Analysis 
Bromide composition of sample solutions treated with ferric 
hydroxide was determined using the Volhard method , 8 7, 89 The 
calculated volume of standard silver nitrate solution needed to  
precipitate all of the bromide present in a sample solution, plus 
a 10% excess, was added to the solution using a burette. 
C oncentrated nitric acid and a ferric sulfate solution in 6 M 
nitric acid were added and the mixture was heated to boiling in 
subdued light , Potassium permanganate solution was added dropwise 
to the hot solution to remove any organic compounds pre sent, and 
excess permanganate was removed by dropwise addition of a 
dextrose solution. The flask was cooled, 5 ml of nitrobenzene 
was added, and the contents were swirled , The solution was back 
titrated with potassium thiocyanate solution to the end point, 
indicated by the formation of the red ferric thiocyanate. Most 
analyses showed variations of less than 0 , 5%, 
Tetramethylammonium oxotetrabromoaquomolybdate(v) , 
trimethylphenylam onium oxotctrabromoaquomolybdate (V) , 
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tetrabutylammonium oxotetrabromomolybdate(V) , and [�-oxo-bis­
[oxodibromo(2 , 2-dipyridyl) molybdenum(v)] could not be analyzed by 
this method. The per cent c ompo ition determined for these 
compounds were lower than the theoretical values and were not 
reproduc ible , The procedure for removing interfering compounds 
from sample solutions by c oprecipitation with ferric sulfate was 
apparently ineffective for these compounds , Because of these 
inconsistencies, the Volhard method of analysis was replaced in 
later work by the potentiometric analysis described below. 
2. Potentiometric Analysis 
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Bromide compositions of digested samples were determined 
potentiometrically by titration with 0. 06 M silver nitrate solutio.ns , 
The procedure was based on one given by Klothoff and Furman.90 
It could be used for all of the oxomolybdate(V) compounds prepared 
in this study. Changes in emf were measured with a Sargent S.S. 
pH meter with a glass electrode and a calomel reference electrode. 
The 150 ml beaker containing the sample solution was surrounded 
with black paper, and indirect illumination from a tungsten light 
was used during the titration. The solution was stirred 
continuously with � magnetic stirring bar , Two layers of corrugated 
pasteboard were put under the beaker to minimize any heating of 
the solution by the stirring moter. 
A large excess of sodium molybdate(VI) (0. 2  gm) was added to 
the solution, so that any molybdenum(VI) contribution to the 
titration curve would be independent of the percent molybdenum in 
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the sample. Excess sodium molybdate also stabilized the pH, which 
otherwise had a tendency to increase with time. The pH was 
adjusted to about pH 7 by dropwise addition of a very dilute nitric 
acid solution. The meter was then switched to the mV mode, and the 
emf was adjusted to 670  mV by dxopwise addition of a very dilute 
nitric acid or sodium hydroxide solution (an increase in pH caused 
an increase in emf). Accurate measurements of changes in potential 
re�uired that the emf be between 670 mV and 690 mV. If during the 
titration the emf increased to 690 mV, it was readjusted to 670 mV 
before continuing the titration. 
The potential was recorded for each increment of silver 
nitrate standard solution to the nearest 5 mV. As the end point 
was approached, the second derivative of the potential change, 
emf/(6Vo1) 2 , was calculated for each increment to show the end 
point more clearly. 91 
Because the reaction, AgN OJ 
+ Br AgBr + N O
J , 
goe s to completion rather slowly, 90 the potential was recorded a 
minute or more after each increment. Close to the end point, the 
potential was recorded about 5 minutes after each increment. The 
titration was continued until the emf showed no further change , 
The silver nitrate solution was standardized by potentiometric 
titration of a standard sodium chloride solution, using the a�ove 
procedure. The resulting titration curve and its second 
derivative curve are shown in Figures 17 and 18. The end point 
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value. The weaker second derivative peak located at about J8.8 ml 
was observed in all potentiometric titrations using the above 
procedure. It had no significant influence on the location of the 
end point. Repeated titrations of a standard sodium chloride 
solution showed deviations of less than 0.1%. 
Titration curves of bromide solutions and the ir second 
derivative curves resembled those shown for a solution containing 
known weights of sodium bromide and tetrabutylammonium bromide in 
Figures 19 and 20. In Figure 20 the inflection in the titration 
curve at 6 . 5 ml was close to the the oretical end point for sodium 
bromide . The inflection at 15 ml corresponded to the the oretical 
end point for tetrabutylammonium bromide. The second derivative 
peak at the final end point, shown in Figure 20, was split into 
two peaks. This splitting was observed with all of the bromide 
solutions , but was much more noticeable if the sample contained 
organic cations or ligands. More rigorous digestion of the 
compounds , using longer exposure to higher concentrations of 
sodium hydroxide and hydrogen peroxide, caused the peaks to 
become less distinct and more difficult to interpret. 
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It was found that the end point could be determined accurately 
if the two peaks located near the end poin t were assumed to be 
distortions of a single peak centered at the end point. The e nd 
point was located between the two second derivative peaks, closer 
to the more intense one . The relative distances of the end point 
from the two peaks were assumed to be inversely proportional to 
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their relative intensities. For instance, in Figure 20, the ratio 
of intensities of the two second derivative peaks was about 1 , 5 to 
1. The end point was assigned to a position between the peaks so 
that its distance from the less intense peak was 1 . 5  times greater 
than its distance from the more intense peak. The error from the 
theoretical bromide composition of the above solution was less 
than o . J% . End points were calculated for solutions containing 
known weights of tetrabutyl ammonium bromide and tetramethyl 
ammonium bromide treated with different volumes of hydrogen 
peroxide and sodium hydroxide. Though locations and intensities 
of the second derivative peaks showed Quite large variations, the 
end points calculated for all of these solutions by the above 
method showed errors of less than 0.4%. 
If samples containing 2, 2-dipyridyl were digested in sodium 
hydroxide and hydrogen peroxide, the volume of silver nitrate 
solution used to reach the end point was alw�ys less than 98% of 
the theoretical volume. Well beyond the end point, the potential 
would show a very large drop. No accurate method of calculating 
the end point could be found for those solutions. But samples 
digested in alkaline permanganate solutions gave titration 
curves similar to those shown in Figures 19 and 20. Bromide 
compositions for these solutions could be accurately determined. 
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PREPARATIONS OF OXOBROMOM OLYBDATE(V) C OMP OUNDS 
C oncentrated Molybdenum(V) Solutions in Hydrobromic Acid 
Most of the oxobromomolybdate(V) compounds prepared in this 
study were precipitated from concentrated molybdenum(V) solutions 
in hydrobromic acid. The procedure for preparing molybdenum(V) 
solutions was a modification of one given by Saha and Banerjee. 3 0 
Approximately 40 ml of concentrated hydrobromic acid was added to  
5. 00 gm  of molybdenum trioxide(VI) in a 250 ml beaker. A watch 
glass was put over the beaker , and the mixture was refluxed gently 
93 
on a hot plate in a chemical hood. After about 2 hours, the watch 
glass was removed, and the thick dark brown solution was allowed to  
evaporate to a desired volume. The solution volume selected 
depended on the solubility of the compound to be precipitated. If 
necessary the volume was adjusted by adding concentrated hydrobromic 
acid. The solution was allowed to  cool, and was suction filtered 
using a fine porosity sintered glass crucible. The solution was used 
immediately after filtration. 
Ammonium Oxopentabromomolybdate(V ) [(NH4) 2M oOBr5 ] 
Molybdenum trioxide (10 gm, 69. 4 mmole )  was reacted with 
hyd.robromic acid to produce a molybdenum(V ) solution with a volume 
of about 15 ml in a 150 ml beaker . Ammonium bromide ( 9. 50 g, 
97 , 0 mmole) was added to the molybdenum (V) solution with stirring. 
The solution was saturated with hydrogen bromide, using the 
apparatus shown in Figure 21. All of the flexible tubing used 
H B r  
Figure 21. Apparatus for Saturation of Solutions with Hydrogen 
Bromide. 




was 1/4 inch inside diameter tygon tubing , except for a 1/4 inch 
outside diameter polypropylene tube attached to the hydrogen bromide 
tank. A polyethylene cover attached to the hydrogen bromide tube 
was tied over the beaker, using copper wire, to reduce loss of 
hydrogen bromide to the air. The solution was assumed to be 
saturated if it would not rise up the tube after the hydrogen bromide 
flow was stopped. 
The beaker containing the solution was sealed using a large 
rubber stopper and a polyethylene sheet, as shown in Figure 22. The 
edges of the sheet were tied securely around the side of the beaker 
with copper wire. The beaker was cooled to about -20° C by holding 
it in the mouth of a Dewar flask containing liquid nitrogen, 
The brown, crystalline precipitate was isolated from the cold 
solution, using the suction filtration apparatus shown in 
Figure 2J. Air sucked through the filter was first dried by passing 
through solid calcium chloride and potassium hydroxide pellets. 
Suction filtration without a dry air flow through the filter caused 
the surface to become discolored, indicating possible decomposition. 
The product was washed twice with 5 ml of a cold saturated 
ethanol- hydrogen bromide solution, and dried in a vacuum desiccator 
at reduced pressure over solid potassium hydroxide. An aspirator 
was used to produce a partial vacuum in the desiccator. Product 
weight was 22. 21 g (% yield = 8J , 7%) . 
A portion of the above product (6 . 00 gm, 1 0.96 mmole) was 












was saturated with hydrogen bromide and cooled above liQuid nitrogen. 
The product was separated , washed and dried as described above. 
The weight of the brown crystalline product was 4 . 42 gm (% yield 
73, 8%) . 
Analysis : Theoretical for N2H8Mo0Br5 : Mo 17, 57% ; Br 72.96%. 
Found : Mo  17, 52% ; Br 72. 87% 
Pyridinium Catena-�-oxo-tetrabromomolybdate (V) ((pyrHMo0Br4) n
1 
Molybdenum trioxide (4. 00 gm, 27.8 mmole) was reacted with 
concentrated hydrobromic acid to produce a JO ml molybdenum(V) 
solution in a 150 ml beaker , Pyridine hydrobromide was prepared 
by dissolving 3 ml of pyridine in 5 ml of ethanol , saturating the 
solution with hydrogen bromide , and heating it to evaporate the 
ethanol and excess hydrogen bromide , The pyridine hydrobromide 
(3. 50 gm, 21. 9 mmole) was dissolved in a minimum volume of 7 M 
hydrobromic acid . The solution was poured with stirring into the 
molybdenum(V) solution, resulting in a heavy brown precipitate. 
The mixture was saturated with hydrogen bromide and the sealed 
beaker was cooled in an ice bath. The resulting red crystalline 
solid was isolated , washed and dried as described for ammonium 
oxopentabromomolybdate(V). Product weight was 9.J4 g (% yield 
78.1%) . A portion of the product (6. 93 gm, 12, 7 mmole) was 
recrystallized by dissolving in 7 M hydrobromic acid and saturating 
with hydrogen bromide. The product was isolated, washed and dried as 
described above, Product weight was 5. 46 gm (% yield = 78. 8%) . 
Analysis : Theoretical for c!6NMo0Br4 : Mo 18 , 75% ;  Br 62. 47% ; 
C 11. 76% ;  H 1. 18%. 
Found : Mo 18. 66% ; Br 62. 08% ; C 11 . 83% ; H 1 . 25% 
A different recrystallization procedure was used to produce 
crystals of (pyrHMoOBr4) n suitable for an X-ray c�ystallographic 
analysis. A sample of the compound (1. 00 gm, l. 8J mmole) was 
dissolved in a minimum volume of boiling 8. 6 M hydrobromic acid. 
The hot s0lution was filtered, transferred to a JO gm weighing 
bottle , and saturated with hydrogen bromide. The bottle was 
tightly capped and allowed to cool slowly to room temperature , 
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While the solution was still hot, a few crystals of (pyrHMoOBr4) n 
were added to prevent supersaturation, and the solution was allowed 
to stand for 48 hours. About 0. 1 0  gm ( 0 ;18 rnmole) of a reddish-brown 
crystalline product was separated, washed and dried as described 
above. Because of the small product weight , no elementaJ. analysis 
was perf·ormed. 
Quinoinium C atena-p-oxo-tetrabromomolybdate (v) [(quinHMo0Br4) n ]  
Molybdenum -i:,rioxide ( .5 .  0 0  gm, J4. 7 mrnole) was reacted with 
hydrobromic acid to produce a 20 ml molybdenum(V) solution in a 
150 ml beaker. Quinoline hydrobromide was prepared , using the 
same procedure use d for prepo..ring pyridinium hydrobrornide. The 
quinoline hyd.robromide ( 5 . 58 gm, 26 . 5 mmole) was di:::;solvcd in 
20 ml of 4 M hydrobrornic acid ,  The solution was added to the 
molybdenurn(V) solution with stirring, resulting in a heavy brown 
precipitate. The mixture was saturated with hydrogen bromide, and 
the orange product was separated , washed and dried as described for 
(NH4) 2Mo0Br5. The product weight was 11. 00 gm (% yield = 70. 2%) . 
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The product was recrystallized , using a modification of a 
procedure given by Angell , James and Wardlaw , 74 A portion of the 
above product (8, 75 gm , 15 , 6  mmole) was dissolved in a minimum 
volume of boiling concentrated hydrobromic acid , Quinoline (0. 1  ml , 
0. 8 mmole) was added to the solution to obtain a 5% excess of 
QUinolinium ion in the solution. The mixture was heated to boiling 
on a hot plate , and saturated with hydrogen bromide. A heavy 
red-orange precipitate resulted. The beaker was sealed and allowed 
to cool slowly , resulting in the formation of an orange precipitate , 
which settled on top of the red-orange precipitate. The orange 
layer was carefully removed using a rubber policeman , and 
transferred to another beaker. The two products were isolated by 
suction filtration using a dry air flow , washed with a concentrated 
ethanol-hydrogen bromide solution and dried. Weight of the red­
orange product was 4. 22 gm (% yield = 48. 2%) . 
Analysis : Theoretical for cg18NM00Br4 : Mo 17. 08% ; Br 56. 91% ; 
C 19. 24% ;  H 1 . 44% 
Found: Mo 17 , 11% ; Br 56. 82% ; C 19. 23% ; H l . J4% 
Weight of the orange product was 2. JO gm. The elemental 
analysis showed a molybdenum to bromide ratio of 1. 00 to J. 62 , 
indicating that two or more compounds were present. 
Analysis : Theoretical for c g18NM00Br4 : Mo 17 , 08% ; Br 56. 91% 
F ound : Mo 17. 24% ;  Br 51 , 96% 
Quinolinium Oxopentabromomolybdate(V) ((quinH)2Mo0Br5
] 
Molybdenum trioxide (5. 00 gm, J4. 7 mmole) was reacted with 
hydrobromic acid to produce a 20 ml molybdenum(V) solution in a 
50 ml beaker. Quinoline (5. 00 ml , 42. 4 mmole) was dissolved in 
10 ml of 4. 7 M hydrobromic acid. The solution was poured into the 
molybdenum(V) solution with stirring , resulting in a heavy brown 
precipitate. The solution volume was increased to 40 ml by the 
addition of concentrated hydrobromic acid. The precipitate was 
recrystallized by heating the mixture to boiling, sealing the 
100 
beal{er and allowing the solution to cool slowly. It was isolated by 
suction filtration in a dry air flow, washed once with 6 M hydro­
bromic acid , washed twice with anhydrous ether, and dried. Product 
weight was 10. 51 gm (% yield = 80. 3%) . 
Analysis : Theoretical for c18H16N2Mo0Br5 : Mo 12. 43% ; 
Br 51. 77% ;  C 28. 01% ; H 2. 09% 
Found : Mo 12. 53% ;  Br 50 , 75% ; C 27. 67% ; H 2. JO% 
Anilinium 0xopentabromomolybdate(V) [(a.ni1H)2Mo0Br5
] 
In the preparation of pure (ani1H) 2Mo0Br5 , the quantity of 
aniline used was required to be exactly twice the quantity of 
molybdcnum(V) .  A molybdenum(V) solution was prepared by reacting 
molybdenum trioxide (5. 00 g, J4. 7 mmole) with concentrated 
hydrobromic acid. It was transferred to a 50 ml beaker after 
filtration. The filter and all glassware were washed thoroughly 
with hydrobromic acid, and the washings were poured into the 
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molybdenum(V) solution. The solution was evaporated to JO  mi on a 
hot plate, and allowed to cool. A large rubber stopper holding 
a glass funnel was fitted into the mouth of the beaker containing 
the molybdenum(V) solution . Freshly distilled aniline was added 
dropwise, using a dropping funnel held above the funnel in the 
stopper. The solution was stirred vigorously with a magnetic 
stirrer during the addition. The beaker was covered to prevent 
escape of a cloud of solid colloidal aniline hydrobromide that 
formed above the solution. 
After stirring for two hours in a sealed beaker, the mixture 
was saturated with hydrogen bromide. The reddish-brown product 
was isolated by suction filtration in a dry air flow, washed three 
times with hexane and dried. Product weight was 18. 05 gm (% yield 
74, 6%) I 
Analysis : Theoretical for c12H16N2Mo0Br5 : Mo  lJ, 71% ; 
Br 57, 10% ; C 20, 59% ;  H 2. JO% 
Found: Mo  lJ, 90% ; Br 56. 84% ;  C 20 , 77% ;  H 2.64% 
Tetramethylammohium Oxotetrabromoaquomolybdate(V ) [(CHJ ) 4NM o0Br4(H2o) ] 
Molybdenum trioxide (5. 00 gm, J4 . 7  mmole) was reacted with 
concentrated hydrobromic acid to produce a JO  ml molybdenum (V ) 
solution in a 150 ml beaker. Tetramethyl ammonium bromide (4.00  gm, 
25.96 mmole) was dissolved in the molybdenum(V ) solution . The 
solution was saturated with hydrogen bromide , and the beaker was 
sealed and cooled in an ice bath. The brown precipitate that 
resulted was isolated by suction filtration in a dry air flow, 
washed three times with hexane and dried . Product weight was 
8 . 92 gm (% yield = 65, 3%) , 
About 5 ml of hydrobromic acid saturated with hydrogen 
bromide was added to 5, 00 gm (9. 51 mmole) of the above compound. 
The mixture was allowed to stand in a sealed beaker for four 
days. The product was isolated by suction filtration using a dry 
air flow , washed twice with hexane and dried, Product weight was 
4 . 68 gm (% yield = 9J. 6%) . 
Analysis : Theoretical for c4H18Mo02Br4 : Mo 18 . 25% ;  
Br 60 . 80% ;  C 9, 14% ;  H 2 . 69% 
Found : Mo 18 . 19% ;  Br 60 . J4% ; C 9. 46% ; H J . 69% 
102 






Molybdenum trioxide (5. 00 gm , J4 , 7 mmole) was reacted with 
concentrated hydrobromic acid to produce a 25 ml molybdenum(V) 
solution in a 150 ml beaker . A 15 ml water solution of trimethyl­
phenylammonium bromide (5 . 51 gm , 25 , 5  mmole) was poured into the 
molybdenum(V) solution with stirring , resulting in a yellow-brown 
precipitate � The mixture was saturated with hydrogen bromide, 
and the sealed beaker was cooled in an ice bath . 
The product was isolated by suction filtration in a dry air 
flow and washed with hexane . It was transferred to a 150 ml 
beaker , and allowed to stand in 15 ml of hydrobromic acid 
saturated with hydrogen bromide for five days. The product was 
isolated using suction filtration in a dry air flow , washed with 
hexane and dried ,  Product weight was 9, 73 gm (% yield = 61 . 3%) .  
Analysis : The oretical for c9H16NMo02Br4 : Mo  16. 38% ; 
Br 54. 57% ; C 17 , 90% ; H J . 00% 
Found : Mo 16 . 47% ; Br 54 , 60% ; C 18. 21% ; H 2 . 72% 
Tetrabutylammonium Oxotetrabromomolybdate(V) �c 4H9) 4N
MoOBr4] 
Molybdenum trioxide ( 5. 00 gm , 34 . 7 mmole) was reacted w ith 
concentrated hydrobromic acid to produce a 25 ml solution in a 
150 ml beaker.  A solution of tetrabutylammonium bromide 
(10. 00 gm, Jl . O mmole) in JO ml of water was poured into the 
molybdenum(V) solution w ith stirring. The yellow-brown product 
was isolated by suction filtration, washed with hexane and dried .  
Product we ight was 9. 03 gm (% yield = 43 . 0%) , A portion of the 
above compound ( 7 . 93 gm, 11 . 8  mmole) was allowed to stand in very 
concentrated hydrobromic acid for two days. The product was 
isolated using suction filtration in a dry air flow, washed with 
hexane and dried .  Product weight was 6 . 61 gm (% yield = SJ . 4%) . 
Analysis : Theoretical for c16H36NMo0Br4 : Mo 14 . 23% ; 
Br 47 . 42% ; C 28 . 51% ; H 5. 38% 
F ound : M o  14. 27% ; Br 47 , J8% ; C 28. 22% ; H 5 , 43% 
2 , 2-Dipyridylium Oxopentabromomolybdate (V) fdipyH M oOBr 1 L 2 5 
lOJ 
The procedure for preparation of 2, 2-dipyridylium oxopen�a­
bromomolybdate(V) was a modification of one given by Saha and 
Banerjee . JO Molybdenum trioxide (5. 00 gm, J4 , 7 mmole ) was reacted 
with concentrated hydrobromic acid to produce a 40 ml molybdenum(V)  
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solution in a 150 ml beaker. A minimum volume of 9. 4 M hydrobromic 
acid was use d to dissolve 2, 2-dipyridyl (4 . JO cm, 27. 52 mmole ) .  
The solution was poured into the molybdenum(V) solution with 
stirring , resulting in a heavy tan colored microcrystalline 
precipitate. No  hydrogen bromide was used  in this preparation . 
The product was isolated using suction filtration in a dry air 
flow, washe d with a saturated ethanol-hydrogen bromide solution and 
dried. Product weight was 1 7. 97 g (% yield = 97 - 5%). 
Analysis : The oretical for c 20H18N2Mo0Br5 : Mo 14. 33% ;  
Br 59 . 66% ; C 1 7. 93% ; H 1 , 50% 
Found: Mo  14. 4J% ; Br 59. 87% ; C 17.98% ; H 1. 57% 
An impure product resulte d if the above mixture was saturated 
with hydrogen bromide prior to filtration. Weights of mol ybdenum 
trioxide and 2 , 2-dipyridyl were 4. 00 gm (27. 8 mmole ) and 4. 20 gm 
(26. 9 mmole) ,  respectively. The product weight was 17. 07 gm 
(% yield = 94. 80%). The brown microcrystalline product was 
less soluble in water than the compound separated from 9, 4 M 
hydrobromic acid. Elemental analyses indicated a molybdenum to 
bromide ratio of 1. 00 to 4. 64. 
Analyses :  Theoretical for c20H18N2Mo0Br5 : M o  14 . JJ% ; 
Br 59 . 66% 
Found: Mo 15. 06% ; Br 58 . 20% 
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The preparation of this compound was similar to that reported 
by Saha and Banerjee. JO 2, 2-D.ipyridylium oxopentabromomolybdate (V) 
(4. 00 gm , 5. 97 mmole) was added to 20 ml of water and heated ,  
resulting in an orange precipitate. The product was isolated by 
suction filtration using a fine porosity sintered glass crucible 
open to the air , and was washe d four times with 2 ml of water 
before drying. Product weight was 1. 40 gm (% yield = 64. J%) , 
Analysis :  Theoretical for c20H16N4Mo04Br2 : M o  26 , 35% ;  
Br 21. 95% ; C J2. 99% ; H 2. 20% ;  N 7. 7 0% 
Found : Mo 26. 46'% ; Br 21. 8 6% ; C J2. 46% ; H 2 . 16% ;  
N 7. 60% 
Pr eparation in Ethanol 
The preparation was a modification of one given by Saha and 
Banerjee. JO A 50 ml round bottomed flask with a reflux condenser 
was used for the reaction. The glass j oints were coated w ith 
silicone grease to prevent sticking , which was sometimes a problem 
with this prepar�tion. Ethanol (60 ml) was added to 2, 2-dipyridylium 
oxopentabromomolybdatc (4 , 00 gm , 5 . 97 mmole) in the round bottomed 
flask. The top of the condenser was sealed with a glass stopper , 
and the contents were refluxed for 8 hours using an oil bath. 
The flask was cooled, and the very fine purple powder in the flask 
was separ�ted by suction filtration in a fine porosity sintered 
glass crucible, open to the air , It was then transferred to 
an o ther 60 ml volume of ethanol and :ccfluxccl for 18 hours. The 
r;;olid was cl�cJj n i::; olatccl by suction fil-L:ration and refl uxed for 
20 hour�-; . The :product 1-1 as isolated. by suction fi1 -Lrat i.on , 
w2.��hecl with ethanol and dried , Procluct we ight w3.s 2 , l�L1. cm 
(% yield = 9J , 8%) , 
h-nal,vsis : The oretical for C 20H16N L�Mo2
o
3
Rr�, : Mo  22. 01�:i ; 
Br 36 . 66% ;  C 27 , 55% ; H 1. 85% 
Found. : Ho 22 . 18% ; Br J6.6J % ; C 27. 89% ; H 2 , 13% 
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2 , 2-D ipyridyl (1. 17 gm , 7 . 1:�9 mmole) w2..s dissolved. in 20 ml of 
5 H hydrobrornic acid in a 50 ml beaker. The f] Ol 1 1t ion w1s stirrccl 
with a m:-' .::,netic stirrer while 5 , 00 gm (7 , 1�,7 mrnole ) of 2 , 2 -diI>YTid.ylium 
oxopen-tv.1Jromomolybdate (v ) w3,s slowly added . The beaker wa;; scalo cl , 
and. the c ontents  were stirre d  for 2 1/2 hours. The re el s olution 
turned dark puriJle after stirr :.i.ne; 20 minutes , and a dark purple 
:precip:i tatc forn�ed , The mixture was allrn-red to  :::;tancl in the 
seaJ.c-d beaker for 24 hours . The :precipitate was isolo.ted by 
suction filtrc1 tion in G. fine por osity sinfon:;d_ glass cruc i °t!lc , OJ)Cn 
to the ·air. It was 1mshed w ith cth,::i.nol and clr:i.cd_ ,  Product. 
we ight was 2 ,  71 gm (% yield. = 83 . 2%). 
�� l).:yd �� : The oretical for c 20H1cP1 1 f·1 o�:°�3Rrl 1 : M o 22. 
0J 1{. ; 
Br J6.6C,�� ; C 27 , 55�� ; H 1 . 8_:/i 
Teti- .. wxotetrahydroxooc tabromoaq uo-Lctramoly lie] cnum ( V ) [r•1 o 1 1_01* ( 01 { )  1 !-B1 ·l.) (H2 O )} 
Molyl1dcmum trioxide ( 50 gm , JL:-. '? nunolc ) 1w.s reac-Lccl \-·d th 
hydrobromic ac id to produce a molybdenum(V) solution with a 
volume of 150 ml. About 25 ml of the above solution was poured 
into a 250 ml beaker, and evaporated on a hot plate until nearly 
dry . The product ,  in the form of a heavy brown vapor , began t o  
sublime from the black residue at the bottom of the beaker. The 
beaker was removed from the hot plate, and a filter paper was 
folded to fit over the t op of the beaker to prevent the vapor 
from escaping . The beaker was held against a hot plate tilted at 
a 45 degree angle . As soon as the brown vapor filled the beaker, 
it was removed from the hot plate and held at a 45 degree angle 
until the product had c ollected on the lower side in the form of 
needlelike crystals. It was again held against the hot plate 
again to form more product .  Most of the remaining moisture was 
absorbed in the filter paper c overing the mouth of the beaker. 
C ondensed moisture on the lip of the beaker was wiped off with a 
piece of filter paper. 
The above procedure was repeated until the residue began to  
turn gray. The product was then scraped loose from the beaker 
while still hot, using a rubber policeman , and deposited in a 
50 ml beaker c ontaining 20 ml of octane. The remainder of the 
molybdenum(V) soluti on was reacted in 25 ml batches in a similar 
manner. The total weight of the octane moistened product was 
4. 0 gm (% yield = 20%) . Because it was very deli�uescent and 
formed molybdenum blue when moist, the compound was prepared 
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only when the relative humidity was less than 5%. It was stored in 
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a sample bottle filled with octane, and the bottle was stored in 
a jar containing solid potassium hydroxide , Samples to be used for 
elemental analysis were washed with hexane in a beaker, and dried 
at reduced pressure over solid potassium hydroxide. Exposure to 
dry air in the desiccator caused the crystal surfaces to be 
covered with a gray powder. 
Analysis : Theoretical for H6Mo40_?r8 : Mo 32.76% ; Br 54. 59% 
Found : Mo J2 . 88% ; Br 54. 16% 
C oncentrated Molybdenum(V) S olutions in Ethanol-Hydrogen Bromide 
Molybdenum trioxide (2. 00  gm , lJ. 9 rnmole) was refluxed w ith 
120 ml of a concentrated ethanol-hydrogen bromide solution, using 
a procedure similar to that used to prepare a�ueous molybdenum(V) 
solutions. After refluxing for two hours, the mixture was cooled 
and undissolved molybdenum trioxide was separated by suction 
filtration ,  The final solution volume was 80 ml. Tetramethyl­
arnmonium bromide, (0 . 58 gm, 1. 10  rnmole ) ,  was added and the solution 
cooled, the resulting precipitate was suction filtered in a dry 
air flow and dried , The weight of the product was 0. 60 gm (% yield = 
J 0 , 3%) . Elemental analyses indicated the compound to be impure, 
consisting mainly of tetramethylammonium oxotetrabromo¾uomolybdate(V ) ,  
(cH
3
)4NMoOBr4(H20) . The molybdenum to bromide ratio was 1. 00  to J.82. 
Analysis : Theoretical for c4H18Mo02Br4 : Mo 18.25% ; Br 60. 80% 
Found : Mo 17 , 53% ;  Br 55 - 73% 
If a stock ethanol-hydrogen bromide solution was stirred with 
molybdenum trioxide, a more d ilute molybdenum( V )  so lution 
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resulted, Further dilution with ethanol and ethanol-hydrogen bromide 
produced solutions for which electronic absorption spectra could 
be obtained, The molybdenum(V) concentration was determined by 
weighing the unreacted molybdenum trioxide(VI). 
C omparison of Oxobromomolybdate(V) C ompounds 
Some properties of the compounds prepared in this study are 
compared in Table XII. Sensitivities of the compounds to moisture 
are based on experience working with these compounds when the 
relative humidity was about 50%. All of the compounds separated 
from concentrated hydrobromic acid appeared crystalline when 
separated ,  but most becam ✓ powders after drying . 
SOLUTIONS OF OXOBROM OMOLYBDATE(V) C OMPOUNDS 
Electronic absorption spectra and electron spin resonance 
spectra were recorded for solutions of oxomolybdate(V) compounds 
in various solvents , The procedures used for preparing these 
solutions are described below. 
Stock Chloroform Solutions 
Most compounds used in this study were only slightly soluble 
in stock chloroform . A solution suitable for spectrophotometric 
study could be obtained only if a large excess of sample was 
stirred with the chloroform. An attempt to dissolve a small 
weight of an oxobromomolybdate(V ) compound in a large volume of 
chloroform resulted in decomposition , indicated by the absence of 
strong visible absorption bands . About 0. 1 gm of a sample was 
TABLE XII 
COMPARI SON OF OXOBROMOMOLYBDATE ( V )  COMPOUNDS 
General Sensitivity 
Compound From AEJ2earance Color to Moisture --
( NH4) 2Mo0Br5 lJM HBr Crystalline 
Brown Deliquescent 
( ani1H) 2Mo0Br5 
lJM HBr Powder Red-brown Very deliquescent 
dipyH2MoOBr5 9M HBr Micro crystalline Yellow-brown Slig
htly deliquescent 
(quinH)2MoOBr5 
6M HBr Crystalline Brown Hygroscopic 
(pyrHMoOBr 4) n lJM HBr 
Crystalline Red Slightly hygroscopic 
( quinHMoOBr4)n lJM HBr Micro crystalline Orange 
Hygroscopic 
( cH3
) 4NMoOBr4(H2o )  lJM HBr Powder Brown 
Deliquescent 
( CHJ ) JphenNMoOBr4( H20) lJM HBr Micro crystalline Yellow-brown Deliquescent 
(c4H9) 4NMoOBr4 lJM HBr Powder Brown 
Deliquescent 
Mo2o4Br2dipy2 Water Powder Yellow-orange Relatively stable 
Mo2o3Br4dipy2 5M HBr or ethanol Fine  powder Purple Relatively stable 
Mo4o4(oH ) 4Brg(H2o) Mo(V ) 
residue Crystalline Brown Extremely deliquescent 
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stirred vigorously with 4 ml of chloroform in a 6 inch sealed test 
tube, using a magnetic stirring bar. A maximum solution concentra­
tion was obtained in about 15 minutes. Undissolved solid suspended 
in the solution was usually separated by gravity filtration through 
a filter paper , Some of the solutions that proved to be unstable 
were not filtered. Instead , a centrifuge was used to remove all 
suspended solid from the solutions. Molybdenum(V) concentrations 
were between 1 X 10-4 M and 1 X 10-3 M. Solutions were prepared 
immediately before they were used. Electronic absorption spectra 
of the solutions were recorded , but most solutions were too dilute 
to obtain electron spin resonance spectra. Attempts to precipitate 
compounds by evaporation of the solvent resulted in complete 
decomposition. 
Stock Chloroform S olutions C ontaining Additional Ethanol 
It was stated previously that the stock chloroform contained 
approximately 0 . 75% ethanol. More concentrated solutions of 
oxobromomolybdates(V) (between 1 X 10-3 M and 1 X 10-2 M) could be 
prepared by increasing the concentration of ethanol to about 1 . 5% .  
The solutions were prepared to obtain ESR spectra of the dissolved 
samples. They were used only when necessary because the solutions 
were less stable than those in stock chloroform. After the 
spectrum of a solution was obtained , the electronic absorption 
spectrum was recorded to indicate whether or not significant 
decomposition had occurred . No attempts were made to precipitate 
compounds from these solutions. 
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Purified Chloroform Solutions 
The apparatus shown in Figure 24 was used to prepare solutions 
of oxobromomolybdates in purified chloroform. It was attached to 
the dropping funnel in which purified chloroform was col lected after 
distillation , The solutions were prepared in a detachable lower 
assembly consisting of two round bottomed flasks, designated #1 
and #2, connected by a tube containing a medium porosity sintered 
glass filter . A glass tube containing a stopcock connected flask 
#1 to the upper portion of the assembly. The portion of the 
assembly connecting the flasks to the dropping funnel served as a 
two axis pivot, allowing the m  to be oriented in any position , All 
glass joints were coated with silicone grease and held together with 
rubber bands strung between wire hooks. A reversible nitrogen flow 
system, similar to that used for acetonitrile purification ; was used, 
A strong flow of dry nitrogen was passed through the apparatus .  
About 0. 2 gm of an oxobromomolybdate(y )  compound, which had been  
sitting over solid potassium hydroxide at red, lCed pressure for 
several hours, was added to flask #2 . A magnetic stirring bar was 
also added ,  After the system had been purged for 1 hour, the 
assembly was positioned so that flask #1 was inverted , About 2 ml 
of chloroform was run into a small round bottomed flask l ocated �n 
the upper portion of the assembly, and later discarded. The 
assembly was put in the position shown in Figure 24, and the 
desired volume of chloroform, usually 10 ml, was added to flask #1. 
Gradations on a strip of tape on the dropping funnel indicated the 
Figure 24. Apparatus for Preparation of Anhydrous Chloroform 
Solutions. 




approximate volume added . 
If water or anhydrous ethanol were to be added to the chloroform, 
the stopcock on flask #1 was detached from the upper portion of the 
assembly. Before doing this, the nitrogen flow direction was 
adjusted so that nitrogen would flow out of the open stopcock. 
The lower assembly was immediately replaced with a glass stopper to 
minimize air leakage into the upper portion of the assembly. The 
desired volume of ethanol or water was added to flask #1, using a 
5 inch hypodermic needle inserted through the stopcock , Parafilm 
was used to attach the needle to a 0 . 1 ml p�pet with a rubber bulb , 
producing a rigid, airtight seal . The lower assembly was reattached 
to the apparatus, and a strong nitrogen flow was put through for 
several minutes . 
The chloroform was poured from flask #1 to flask #2, and the 
nitrogen stream was adjusted to flow in that direction , In 
flask #2, the chloroform and sample were stirred from 
15 minutes to 45 minutes . The nitrogen flow direction was then 
reversed and the mixture was poured through the filter into 
flask #1, to remove undissolved solid . The nitrogen flow was 
diverted from the assembly by removing the pinch clamps from the 
flow direction system. The stopcock on flask #1 was closed, and 
the rubber tubing attached to flask #2 was sealed with a pinch 
clamp . The lower assembly was then detached from the apparatus 
and transferred to a glove bag containing dry nitrogen and 
phosphorus pentoxide . It was immediately replaced by a glass 
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stopper. 
Because of humid weather at the time this work was done, a 
further precaution was taken to prevent water contamination during 
the transfer of a chloroform solution to a sample cell. In the 
glove bag, the flask containing the chloroform solution was 
detached from the rest of the lower assembly and connected to a 
rubber tube carrying a flow of dry nitrogen. The method of 
transferring a solution to a sample cell is illustrated in 
Figure 25. The s�ueeze pump was used to force nitrogen into the 
flask, which forced the solution out of the flask and into the 
sample cell. A release of the pressure on the p 1mp after a sample 
cell was filled caused the solution in the tube to be sucked back 
into the flask, along with some gas bubbles , This was normally not 
a serious problem, since most solutions were used to fill only 
the 1 cm sample cell. When it was necessary to fill both the 1 cm 
and 1 mm sample cells , both were filled without interrupting the 
flow of solution from the flask. In  the few cases where some gas 
was sucked into the solution, there was no significant effect on 
the electron absorption spectra. Purified chloroform was used in 
the reference cells. No electron spin resonance spectra of these 
solutions were recorded. 
Stock Acetonitrile S olutions 
Stock acetonitrile solutions were prepared by adding 
acetonitrile to a 25 ml volumetric flask contining a known weight 
of sample. Oxotetrabromomolybdates were soluble, producing yellow-
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brown solutions, Each oxopentabromomolybdate(V) compound 
produced a yellow-brown solution and an insoluble solid , Filtration 
was not necessary because the insoluble material quickly settled out , 
Isolation of the Insoluble Solid Resulting from Addition of 
Ammonium Oxopentabromomolybdate(V) to Stock Acetonitrile 
Stock acetonitrile (20 ml) was stirred with 0 , 63 00 gm (1 , 150 
mmole) of ammonium oxopentabromomolybdate(V) in a 150 ml beaker . A 
dark brown solution resulted, plus a light brown solid that quickly 
settled out. The solid was isolated by suction filtration and 
washed repeatedly with acetonitrile until it showed only a slight 
brownish tint. It was then washed with hexane and dried. The 
infrared absorption spectrum of the product was similar to that of 
-1 ammonium bromide , except for very weak absorption between 900 cm 
and 1 000 cm-l Product weight was 0. 11 72 gm (1 , 196 mmole, assuming 
the product recovered was ammonium bromide. ) The molybdenum and 
bromide analyses were obtained for two different products that were 
prepared using the above procedure. 
Analysis : Theoretical for NH4Br : Br 81 , 59% 
Found : Mo 1 , 5% ;  Br 72. 4% 
Purified Acetonitrile S olutions 
The apparatus shown in Figure 26 was used to prepare solutions 
of oxobromomolybdate (V)  compounds in purified acetonitrile. An 
accurately weighed sample was placed in a 25 ml sidearmed volumetric 
flask , and dry nitrogen was blown through by inserting a glass tube 
carrying a flow of the gas , The sidearm was attached to a rubber 
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t 
Figure 26 . Apparatus for Preparation of Molybdenum ( V )  Solutions 
in Anhydrous Ethanol -Hydrogen Bromide and Acetonitrile. 
tube carrying a flow of dry nitrogen , and a stopcock was attached 
to the mouth of the flask. After about J ml of the acetonitrile 
was run out of the dropping funnel in which the purified 
acetonitrile had been collected, the flask was immediately 
attached. A short length of tygon tubing on the end of the 
dropping funnel provided a tight , flexible seal . The volumetric 
flask was filled slowly with the acetonitrile. Both stopcocks 
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were then closed , and the nitrogen tube was detached. The volumetric 
flask was transferred to a glove bag containing a dry nitrogen 
atmosphere. In the glove bag , the solution was transferred to 
sample cells in a manner similar to that used for purified 
chloroform solutions. Purified acetonitrile was used in the 
reference cells. Electronic absorption spectra of the solutions 
were recorded. The electron spin resonance spectrum of the solution 
resulting from the addition of (NH4) 2Mo0Br5 
was also recorded. 
Ethyl Ether Solutions 
Preparation 
A large excess of an oxobromomolybdate(V) compound (O. J gm) 
was stirred with 5 ml of reagent grade ethyl ether, which had been 
stored over sodium metal. The procedure was similar to that used 
to prepare stock chloroform solutions , except that the test tube 
was uncovered while the ether was stirred. If the test tube was 
sealed , no solution would result. Stirring vigorously for 10  
minutes produced a yellow solution with a molybdenum(V) concentra­
tion of between 5 X 10-J M and 1 X 10-2 M. After stirring , the 
test tube was sealed with a cork stopper. Stock reagent grade 
ether was usually not used , because decomposition would sometimes 
result, apparently caused by an overabundance of water in the 
ether . 
After stirring, the solution was allowed to stand for 10 
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minutes until all of the suspended solid had settled out. Filtration 
was not necessary because the solid settled out Quickly , and the 
solution had a longer lifetime if it was not removed , Because the 
solutions were unstable , they were prepared immediately before 
they were used. Solutions in ether were prepared , using ammonium 
oxopentabromomolybdate(v) , anilinium oxopentabromomolybdate(V) , 
tetramethylamrnonium oxtetrabromoaQuomolybdate(V) and tetrabutyl­
amrnonium oxotetrabromomolybdate (V) . Most work was done using the 
ammonium salt . Electronic absorption spectra of the solutions 
were recorded , and the electron spin resonance spectrum of the 
solution produced by the ammonium salt was obtained. 
Addition of Hydrogen Bromide 
Hydrogen bromide was bubbled through stock reagent grade 
ethyl ether for about 2 minutes , producing a 0. 054 M solution. A 
8. 2 X 10-
J M molybdenum(V) solution in stock ether was prepared as 
described above and decanted into a clean 6 inch test tube. A 
measured volume of the ether-hydrogen bromide solution was added 
to a measured volume of the molybdenum(V) solution , Two solutions 
of this type were prepared. Hydrogen bromide concentrations in 
the solutions were 8. 2 X 10-J M and 4. 1 X 10-2 M. Electronic 
absorption spectra of both solutions, and the electron spin 
resonance spectrum of the former solution were recorded . 
Precipitation of an Impure 2 ,2-dipyridyl C omplex from an 
Ethyl Ether Solut ion 
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A molybdenum(V) solution in ethyl ether was :prepared in a 250 ml 
beaker open to the air, using a magnetic stirrer. Ether that 
had been dried over sodium metal was added slowly with stirring 
over a period of 15 minutes to a sample of ammonium oxopenta-
b 1 bd t 1 0 J4 gm O 63 mmole) After stir· ri·ng for about romo y a e 'i • , • • 
JO minutes, the undissolved sample was allowed to settle out, and 
the yellow solution was decanted into a 250 ml Erlenmeyer flask, 
which was sealed. More ether was added and the resulting solution 
was decanted into the first solution .  This :procedure was repeated 
until no more yellow solution was formed . The residue changed 
color from brown to light gray. 
2, 2-di:pyridyl (0 . 10 g, 0 . 64 mmole) was dissolved in a minimum 
volume of ether , and the solution was added dropwise w ith stirring 
to the molybdenum(V) solution in ether . A gray-purple :precipitate 
was isolated by suction filtration using a fine porosity sintered 
glass crucible and a dry air flow. It was washed with ether and 
dried , Product weight was 0.12 �m . The elemental analysis indicated 
that two or more compounds were present . The analysis lOr bromine 
was only approximate because of the small weight of sample used , 
The ratio of molybdenum to bromide to 2, 2-dipyridyl was 1. 00 to 2 . 05 
to 1 . 25 . 
Analysis : Found : Mo 18 , 75% ;  C 29, 30% ; H 2. 22% ; Br J2. 0% 
Isolation of the R e sidue Resultin from Addition of Ammonium 
Oxo entabromomol bdate V to Eth 1 Ether 
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Ammonium oxopentabromomolybdate, (NH4) 2Mo0Br5 (0 , 48J8 gm , 
0. 88J4 mmole) , was stirred with a total volume of 800 ml of anhydrous 
ethyl ether , using the procedure given above , The insoluble 
residue was isolated by suction filtration through a preweighed 
fine porosity s intered glass crucible, using a dry air flow. It 
was washed with ether and hexane , and dried , Product weight was 
1 , 728 gm (1 , 764 mmole, assuming it was ammonium bromide) .  The 
infrared absorption spectrum of the product was similar to that of 
-1 ammonium bromide except for very weak absorption between  900 cm 
and 1000 cm-l 
Analysis : The oretical for NH4Br : Br 81. 58% 
Found : Mo 1. 1% ;  Br 77. 6% 
Dimethyl Sulfoxide S olutions 
The oxobromomolybdate s were very soluble in stock dimethyl 
sulfoxide. Yellow-brown solutions were prepared by adding the 
solvent to a 25 ml volumetric flask containing a weighed sample. 
The solutions were unstable, becoming nearly colorless after about 
one hour. Electronic absorption spectra of the solutions were 
recorded. 
Jiy_drobromic Acid S olutions 
About J ml of hydrobromic acid was removed from the 250 ml 
dropping funnel where it had been  prepared and was discarded. A 25 ml 
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volumetric flask containing a weighed sample was immediately 
filled with the acid and sealed. The brief exposure to air during 
the transfer did not cause any significant amount of tribromide ion 
to form. The molybdenum(V) concentration was reduced to one tenth 
and one hundredth the initial concentration by using pipets to 
transfer 2 . 5 ml and 0, 25 ml , respectively to two 25 ml volumetric 
flasks. The flasks were filled with hydrobromic acid from the 
dropping funnel and sealed. A 5 ml pipet with a rubber bulb was 
used to transfer the solutions to the sample cells , The 
reference cells were filled directly from the dropping funnel, 
Hydrochloric Acid Solution 
A 1. 0 X 10-2 M molybdenum(V) solution in hydrochloric acid 
was prepared by dissolving ammonium oxopentabromomolybdate(V) , 
(NH4) 2Mo0Br5
, in 9. 1 M hydrochloric acid in a 25 ml volumetric 
flask. The electron spin resonance spectrum of the green 
solution was recorded . 
Anhydrous Ethanol-Hydrogen Bromide S olutions 
Solutions of (NH4) 2Mo0Br5 
in anhydrous ethanol-hydrogen 
bromide solutions were prepared in a manner similar to that used 
to prepare anhydrous acetonitrile solutions . In a glove bag 
containing dry nitrogen the sample solution was transferred from 
a volumetric flask to a sample cell, using a pipet with a rubber 
bulb. Because 1 mm sample cells were not available when this 
work was done, and electronic absorption spectrum intensities were 
unpredictable ,  most of the solutions were diluted in the glove 
bag. Anhydrous ethanol containing the same hydrogen bromide 
concentrations was used to dilute a solution . 
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RESULTS 
MOLYBDENUM(V) SOLUTIONS I N  HYDROBROMIC ACID 
Electronic Absorbtion Spectra 
Mo lybdenum(V) So lutions in 6 . 0  M to 14. 5 M Hydrobromic Acid 
1 .  Dilute Mo lybdenum(V) So lutions 
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When the hydrobromic acid concentration was greater than 6. 1 M , 
mo st of the dilute mo lybdenum ( V )  so lutions in hydrobromic acid 
showed spectra resemb ling tho se of  13. 5  M acid so lutions  shown in 
Figure 27 ,  The spectrum showed two shoulders in the ultravio let 
region at 243 nm and 290 nm , two intense , sharp peaks at 376 nm 
and 414 nm , and two weaker peaks at 476 nm and 698 nm. The spectrum 
was more intense in the more dilute so lutions. A lso , the intensity 
of the 473 nm band relative to the intensities of  the o ther visib le 
bands was greater when the mo lybdenum ( V )  concentration was low . 
Only one of the dilute mo lybdenum(V ) so lutions in concen­
trated hydrobromic acid showed a different spectrum. When the 
mo lybdenum ( V )  concentration in 13 . 4  M hydrobromic acid was 
1 . 5 X 10 -5 M ,  the spectrum shown in Figure 28 was observed. I t  
showed a very intense , broad band at 275 nm and shoulders at 
375 nm , 406 nm and 475 nm . The so lution was too dilute to 
reco rd any weak absorption that might po ssibly be above 600 nm. 
Reducing the hydrobromic acid concentration from lJ , 5 M to 
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Figure 27, Electronic Absorption Spectrwn of a Molybdenum(V) 
Solution in 13.5 M Hydrobromic Acid. 
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Figure 28. Electronic Absorption Spectrum of a 1 . 5 X 10-5 M 
Molybdenum(V) Solution in lJ.4 M Hydrobromic Acid . 
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spectrum . Some of these changes are illustrated by the spectra 
in Figures 29 and JO . The dependence of band intensities on 
the acid concentration are plotted in Figures J l, 32 , and 33. 
A decrease in the acid concentration to 9.4 M caused the 376 
nm and 414 nm bands to show a general increase in intensity, 
and the 243 nm and 290 nm bands became less intense . When the 
acid concentration was reduced below 9 , 4 M, the 243 nm, 290 nm 
and 414 nm bands continued to decrease in intensity and the 375 
nm band showed a slight but steady increase . The band reached a 
maximum intensity in 8.7 M hydrobromic acid when the molybdenum ( V) 
concentration was 6 X 10-3 M, while in the 6 X 10-5 M so lutions 
it continued to increase in intensity unti l the acid concentra­
tion was reduced below 6 . 5 M. 
The 476 nm band showed more complex behavior . Reducing the 
hydrobromic acid concentration of a 6 X 10-3 M molybdenum(V) 
solution to 8. 7 M caused a decrease in the intensity of the 
476 nm band and a change in position to 468 nm . The intensity 
decrease was more pronounced at lower mo lybdenum(V) concentra­
tions , but in the spectra of these solutions the band positions 
did not change significantly. 
A decrease in the hydrobromic acid concentration from 8. 7 M 
to 6 . 1  M caused the 468 nm band to become a shoulder. The 
band decreased in intensity when the molybdenum(V) concentration 
was 6 X 10-5 M, but when the molybdenum(V) concentration was 
6 X 10-J M, a decrease in the acid concentration to 6.5 M caused 
12 7 
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it to show a 2CY/o increase in intensity. A further reduction of 
the acid concentration to 6.1 M then caused the band to decrease 
in intensity. 
The highest wavelength band was quite sensitive to the 
hydrobromic acid and molybdenum(V) concentrations. Reducing 
the hydrobromic acid concentration from 13. 5 M to 8. 7 M caused 
the 693 nm band to show a change in position to 698 nm, but the 
intensity of the band did not change significantly in either the 
6 X 10-3 M or 6 X 10-4 M solution spectra. A decrease in the 
acid concentration from 8. 7 M to 7. 6 M caused a change in 
position to 695 nm . At acid concentrations below 7. 6 M, the 
band position and intensity were dependent on both the acid and 
molybdenum(V) concentrations . When the molybdenum(V) concentra-
-4 tion was 6 X 10 M, a decrease in the acid concentration from 
7.6 M to 6 . 1 M caused the band to show a 4CY/o increase in inten­
sity and a change in position to 682 nm . When the molybdenum(V) 
concentration was 6 X 10-3 M, a decrease in the acid concentra­
tion from 7 , 6 M to 6. 1 M caused the 695 nm band to show an 
8CY% increase in intensity and a change in position to 707 nm . 
All of the electronic absorption spectra obtained in 6. 0 M to 
14 , 5  M hydrobromic acid are listed in Tables XIII,  XIV and XV. 
TABLE XIII 
ELECTRONIC ABSORPTION SPECTRA OF MOLYBDENUM(V) SOLUTIONS 
IN 9. 4 M TO 14. 5 M HYDROBROMIC ACID 
A _L_ 
HBr: 9. 4 M 3 Mo(V): 5 . 97 X 10- M 

































HBr: 11.2 M 5 Mo(V): J.06 X 10- M 












































1. 48 X 10-4 M 
� 24, 000 













































a. Because the band was too intense to record, the intensity was 
estimated by comparing the absorbance at a slightly higher wavelength 
with that shown by a more dilute solution. 
• 
TABLE XIV 
ELECTRONIC ABSORPTI ON SPECTRA OF MOLYBDENUM(V)  SOLUTI ONS 
IN  7,6 M AND 8. 8 M HYDROBROMIC ACID 
_6_ _i _ 























Mo (v) : 5 .96 X 10-5 M 
24J 12, JOO 




HBr : 7. 9 M 
Mo V . 101 M 
Thin Cells Used 
!-}74 410 
.Q.fl 22. J 
,_£_ _( _ 
























Mo (v): 5 , 74 X 10-5 M 
245 13, 100 
290sh 4450 




a. Because the band was too intense to record, the intensity was 
estimated by comparing the absorbance at a slightly higher wavelength 
with that shown by a more dilute solution. 
TABLE X V 
ELECTRONIC AB SORPTION SPECTRA OF MOLYBDENUM( V)  SOLUTIONS 
IN 5 , 9 M TO 6 . 5 M HYDROBROMIC ACID 
;( __ f_ 
HBr : 6 . 0 M 
Mo V � . 0 0  M 
Thin cells used 
372 430 
41 2 530 
461 470 
707 90 
Mo V :  .1 4 X 1 0 -2 M 
Thin cells used 
l'.U. 1 22 0  
41 7 1 480 
457 1 430 
71 6  50 . 0  
HBr:  6.1 M 
1 0-2 M Mo V : 2.8 X 
Thin cells  used 
lZl 1 570 
41 1 1 730 
.1±22 1 000 
.71 9_ 51 
_L_ f 
HBr:  
Mo �v} : 
6 . 1 M 3 6 . 09 X 1 0 - M 
.374 2060 
41 4 2090 
462sh 693 
707 35 , 5 
Mo �V2 : 6.09 X 1 0 -4 M 
24,3 9460 





Mo (v} : 6 . 02 X 1 0-5 M 
24J 1 0 , 800 






Mo �v 2 :  
6.2-_M 3 b. 07 X 1 0 - M 
.376 2900 
414 3000  
470sh 783 
704 3 1 . 6 
Mo (v} : 6.oz X 1 0 -4 M 






Mo (v} : 6 , 02 X 10 -5 M 
24J 1 0 , 700 
220sh 41 90  
.372 3 1 2 0  
41 2 3250 
47Jsh 7 1 0  
1 32 
lJJ 
2. Concentrated Molybdenwn(V) Solutions 
a) A Solution in 7,9 M Hydrobromic Acid 
The visible spectrum of a 0. 10 M molybdenum(V) solution in 
7. 9  M hydrobromic acid (between 425 nm and 900 nm) was slightly 
different from those observed at lower molybdenum(V) concentra­
tions (Table IX). The 474 nm band was broader and about two­
thirds as intense as the 468 nm band in the spectrum of a 
6 X 10 -J M solution in 7. 6 M hydrobromic acid. The 695 nm band 
showed no significant difference in position or intensity from 
that shown by the more dilute solution, but the lower wavelength 
half of the band was broadened. 
b) Solutions in 6 M Hydrobromic Acid 
When the molybdenum(V) concentration in 6. 1 M hydrobromic 
acid was increased from 6 X 10-J M to 7 X 10-2 M, the electronic 
absorption spectrum became much different (Figure 34) . The 
shoulder at 469 nm showed a large increase in intensity, and 
became a distinct, rather broad peak. Weak bands at 3 73 nm and 
417 nm remained. The 707 nm band showed a large intensity 
increase and a change in position from 707 nm to 719 nm when the 
molybdenum(V) concentration was increased from 6 X 10-J M to 
3 X 10-2 M. A further increase in the molybdenum(V) concentra­
tion to 7 X 10-2 M caused no significant change in the intensity 
of the band, but caused it to show a change in position to 
716 nm. 
1J4 
Increasing the molybdenum(V) concentration from 7 X 10-2 M 
to O � J M caused the 716 nm band to almost double in intensity 
and show a change in position to 70 7 nm. The other visible 
bands became about one-third as intense as they were in the 
-2 7 X 10 M solution spectrum, and the 45 7 nm band showed a 
change in position to 461 nm. All of these spectra are shown in 
Table XV. 
J .  Solutions of Different Oxomolybdate(V) Compounds in 
Concentrated Hydrobromic Acid 
The electronic absorption spectra of solutions of different 
oxobromomolybdate(V) compounds in 8 . 8 M hydrobromic  acid are 
compared in the Appendix, Table XXXVI. The solutions showed the 
same spectrum as that shown by a solution of (NH4)2Mo0Br5, 
except for bands attributable to organic cations. 
�olybdenum(V) Solutions in 5.4 M Hydrobromic Acid 
The electronic absorption spectra of solutions of 
(NH4)2Mo0Br5 in 5 , 4  M hydrobromic acid were extremely sensitive 
to both the acid and molybdenum(V) concentrations. E lectronic 
absor ption spectra are given in Figure 35 and Table XVI. 
The electronic absorption spectra of molybdenum(V) solutions 
in 5,4 M hydrobromic acid were much weaker than in the 6.1 M 
acid solutions. The decrease in absor ption in the visible 
region was most dramatic  when the molybdenum(V) concentration was 
J X 10-
2 M. The resulting spectrum resembled that of the 
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Figure J4. Electronic Absorption Spectrum of a 7 , 1  X 10-2 M 
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Figure 35, Electronic Absorption Spectra of Molybdenum( V) Solutions 
in 5 . 4 M Hydrobromic Acid . 
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7 X 10-2 M solution in 6 M hydrobromic acid (Figure 33 ) , but it 
was much weaker , and band positions were slightly different. 
When the molybdenum(V) concentration was 6 X 10-5 M ,  a 
decrease in acid concentration to 5 , 4 M caused absorption in 
the visible region to decrease to a much lesser extent than in 
the spectra of the more concentrated solutions (Figure 35 ) ,  
The intensity of the 374 nm band relative to that of the 413 nm 
band showed a large increase , and the band positions changed to 
371 nm and 411 nm. The 6 X 10-3 M and 6 X 10-4 M solution spectra 
were intermediate in appearance and intensity between the spectra 
of the 3 X 10-2 M and 6 X 10-5 M solutions (Figure 35 ) . 
Molybdenum(V) Solutions in 4,9 M Hydrobromic Acid 
The electronic absorption spectra of solutions of 
(NH4)2Mo0Br5 in 4. 9 M hydrobromic acid were much different from 
spectra shown by more concentrated acid solutions. The spectrum 
of a 6 X 10-3 M molybdenum(V) solutions sho¥ed a shoulder at 
250 nm and a distinct peak at 299 nm in the ultraviolet region 
(Figure 36 ) .  The bands became more intense if the molybdenum(V) 
concentration was reduced. In the visible region the spectrum 
showed weak , indistinct bands at 370 nm and 408 nm , that became 
more intense when the molybdenum(V) concentration was reduced. 
Shoulders at 459 nm and 700 nm became more prominent when the 
molybdenum(V) concentration was increased to J X 10-2 M. The 
electronic absorption spectra of these solutions are given in 
Table XVI. 
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Figure 36. Ele ctronic Absorption Spectra of 6 X 10-J M Molybdenum(V) 
Solutions in 1. 8 M to 4 . 9  M Hydrobromic Acid. 
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Concentration in O M  to 4. 9 M Hydrobrornic Acid . 
TABLE XVI 
ELECTRONIC ABSORPTION SPECTRA OF MOLYBDENUM(V) SOLUTIONS 
IN 4 . 9  M AND 5 , 4 M HYDROBROMIC ACID 
_€_ 
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Molybdenum(V) Solutions in J.8 M Hydrobromic Acid 
Reducing the acid concentration from 4.9 M to J . 8  M caused 
the electronic absorption spectrum to decrease in intensity, 
especially in the visible region . The 408 nm and 700 nm bands 
disappeared, and the intensity of the 299 nm band increased 
relative to the intensities of the other bands . The spectra 
of the solutions in 3 . 8 M hydrobromic acid showed relatively 
intense bands at 252 nm and 297 nm in the ultraviolet region, 
and two much weaker, indistinct bands at J83 nm and 475 nm 
(Figure 36) . The spectrum showed almost no dependence on the 
molybdenum(V) concentration . The dependence of the band 
intensities on the acid concentration in 0. 24 M to 4 . 9 M 
hydrobromic acid are plotted in Figure 37. The spectra of 
J.8 M hydrobromic acid solutions are given in Table XVII. 
Molybdenum(V) Solutions in 0. 24 M, 1. 8 M and 2. 8 M Hydro­
bromic Acid 
The electronic absorption spectra of 6 X 10-3 and 6 X 10-4 M 
molybdenum(V) solutions in 0. 24 M, 1. 8 M and 2.8 M hydrobromic 
acid were generally similar to the spectra of the J . 8  M acid 
solutions. The 6 X 10-5 M solution spectra showed a dependence 
on the acid concentration that was considerably different. 
1. Solutions with Molybdenum(V) Concentrations of 
6 X 10 -J M and 6 X 10-4 M 
Reducing the acid concentration from J. 8 M to 0. 24 M caused 
the spectra of the 6 X 10-J M and 6 X 10-4 M solutions to 
TABLE X VII  
ELECTRONIC ABSORPTION SPECTRA OF MOLYBDENUM ( V )  SOLUTIONS 
IN 2 . 8 M and J . 8 M HYDROBROMIC ACID 
t< 
HBr : 





2 . 8  M J b . 01  X 10 - M 
2 190 
1770 
59 . 2 
475sh 22 . J  
Mo (v} : 6 ,' 0 1  X 10 -4 M 
21 2200 
295 1770 
382 57  
Mo  (v} : 6 . 01  X 10 -S M 
21 2 050 
17J4 
_6_ _€_ 
HBr:  J . 8 M  J Mo�V} : b.Q5 X 10- M 
252sh 2660 
297 1950 
J8Jsh 71 . 8  
47,5sh 27 . 1  




Mo (v) : 6 . 05 X 10-5 M 
252 2700 
297 2 050 
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decrease slightly in intensity, but otherwise show no significant 
changes. The band at J8J nm became slightly more distinct, and 
the 29 7 nm band showed a change in position to 294 nm. 
The difference in absorption between the 294 nm peak and a 
p::> int of minimum absorption at 2 78 nm was more sensitive to the 
acid concentration than any of the individual band intensities. 
The dependence of the value ((294-(.2 78) on the hydrobromic acid 
concentration is plotted in Figure 3 7. It  showed a decrease 
in magnitude when the acid concentration was reduced to 2.8 M, 
followed by an increase when the acid concentration was reduced to 
0 . 24 M. 
2. Solutions with Molybdenwn(V) Concentrations of 6 X 10-5 M 
The 6 X 10-5 M solution spectrum in 2. 8 M hydrobromic acid 
was the same as those observed when the molybdenum(V) concen­
tration was 6 X 10-3 M or 6 X 10-4 M. But when the acid concen-
tration was reduced to 1 . 8  M ,  the spectrum became much different. 
The spectrum , shown in Figure 3 8 ,  consisted of a strong, broad, 
symmetrical band at 261 nm. No other bands were present in the 
ultraviolet region, and any bands in the visible region were too 
weak to record. 
Reducing the hydrobromic acid concentration from 1.8 M to 
0.24 M resulted in the reappearance of a spectrum slightly different 
from that observed when the molybdenum(V) concentration was higher. 
The 253 nm band was more intense, and the 294 nm band was weaker, 
but the band positions were the same. Absorption in the visible 
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region was too weak to record. The above spectra are given in 
Table XVIII. 
Molybdenum(V)  Solutions in Very Dilute Hydrobromic Acid 
143 
The electronic absorption spectra of solutions that resulted 
from the addition of (NH4)2Mo0Br5 to distilled water are shown 
in Table XVIII. Assuming total hydrolysis of the solute, the 
hydrobromic acid concentrations of the 6 X 10-J M and 6 X 10-4 M 
-2 J solutions would be 1. 8 X 10 M and 1 . 8  X 10- M ,  respectively. 
The spectra resembled the spectra of the 0.24 M to J. 8 M hydrobromic 
acid solutions, except for more intense absorption in the ultra­
violet region. The pale brown solutions became pale blue, if they 
were allowed to stand for a few days. 
When the molybdenum(V) concentration was 6 X 10-J M, the 
spectrum showed a distinct band at 294 nm and a shoulder at about 
480 nm, but the J8J nm and 254 nm bands were covered by end 
absorption from a very strong broad band in the far ultraviolet. 
The 294 nm and 480 nm bands became less prominent when the 
molybdenum(V) concentration was reduced to 6 X 10-4 M. The end 
absorption from the far ultraviolet became more intense. 
Electron Spin Rcoonance Spectra 
The Different Electron Spin Resonance Spectra Observed 
Most of the electron spin resonance spectra of molybdenum ( v) 
solutions in hydrobromic acid contained two or more overlapping 
TABLE XVIII 
ELECTRONIC ABSORPTION SPECTRA OF MOLYBDENUM ( V ) SOLUTIONS 
IN VERY DILUTE 'IO 1 .  8 M HYDROBROMIC ACID 
;< _f _ 
HBr :  0 M 
Mo�V} : 6 . 24 X 10-J M 
294 1740 
J82sh 41 . J 
Mo(V) : 6 . 24 X 10-4 M 
224sh 1 820  
J82sh 67 
t< E 
HBr : 0 . 24 M 
Mo �v} : 5 . 89 X 10 -J M 
254 1980 
2 94 1640 
J8J 55 . 1  
475sh 20  . 2  
Mo �v) : .2 .  89 X 10 -4 M 
254 1980 
2 94 1660 
J82 5 1 
Mo(V) : 5 . 89 X 10 -5 M 
Q2 2360 








1 . 8  M J 5 : 87 X 10 - M 
2 124 
1724 
57 , 4 
·475sh 2 1 . J 
Mo(v) : 5 . 87 X 10 -4 M 
254 2040 
2 94 1710 
}so 50 
Mo (v) : 5 .  87 X 10 -5 M 
261  7210  
144 
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signals. But in certain solutions individual signals could be 
identified with a fair degree of certainty. The spectra of these 
solutions are described below. 
The electron spin resonance spectrum of a 6 X 10-3 M 
molybdenum(V) solution in 13 , 5 M hydrobromic acid is shown in 
Figure 39 , spectrum (a). The signal had an estimated g value 
of 1 . 993 and was predominent when the hydrobromic acid concen­
tration was 8. 8 M or greater . It was slightly distorted, showing 
broadening above 3399 G. It had a half width of 15 G .  
The electron spin resonance spectrum of a 6 X 10-3 M 
molybdenum(V) solution in 6. 2 M hydrobromic acid is shown in 
Figure 39 , spectrum (b). It was less symmetrical , with an 
estimated g value of 1. 988 and a half width of JO G. Though 
the g value was lower than that of spectrum (a) , the positive 
maximum of the signal was close to that of spectrum (a). 
The electron spin resonance spectrum of a 0 . 29 M molybdenum( V) 
solution in 5 . 9 M hydrobromic acid, shown in Figure 39 , spectrum 
(c) , was much weaker than spectra ( a) and (b). Hyperfine structure 
was less prominent than it was in Spectra (a) and (b) , 
The g value was estimated to be 1. 991 , and the half width was 
23 G .  Reducing the concentration to 0 . 14 M resul ted in a 
change in the g value to 1. 990 and a change in the half width 
to 26 G Figure 39 , spectrum (d) . The spectrum was disto rted 
because of o verlapping signals , but it appeared to have symmetry 
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( a) 
lJ . 5 M 
Mo ( V ) : 6 X 10-J M 
DPPH 
) ")Sb 'J 'fO O 3 Lf5 U 
F ield Strength ( gauss ) 
( b ) 
HBr : 6. 2 M 
Mo ( v ) : 6 X 10 -J 
( C )  
5. 9 M 
Mo ( v ) : 0 , 29 M 
( d )  
HBr : 5 , 9  M 
Mo ( V )  : 0 . 14 M 
F igure J9. Character istic Electron Spin Resonance Spectra Shown by 
Different Mo lybdenum ( V )  Species in Hydro bromic Acid. 
M 
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like that of spectrum ( c). The positive maxima of the two spectra 
were close to those of the other spectra . 
Spectrum (d) also showed a shoulder at J441 G .  A less 
prominent shoulder was shown at this position in most of the 
electron spin resonance spectra obtained in 5. 4  M to 6. 8 M hydro­
bromic acid . The g value of the signal would be 1. 983 if, as in 
all of the other spectra, the positive maximum was close to those 
of the other spectra. The half width of the signal was 48 G. 
De endence of Electron S in Resonance S ectra on the 
H drobromic Acid and Mol bdenum V Concentrations 
The electron spin resonance spectra of molybdenum(V) solu­
tions in hydrobromic acid are given in Figure 40 and Table XIX. 
There was some uncertainty about the g values given for many of 
the spectra because of the presence of two or more overlapping 
signals. The g values and half-widths assigned for these spectra 
were based on the assumption that the positive maxima of· the 
signals were similar, as was observed with the spectra in 
Figure 39 , Each intensity value given in Table XIX applies to 
a spectrum as a whole, rather than a single signal. 
1. Molybdenum(V) Solutions in 8.8 M to 13 .5  M Hydrobromic 
Acid 
Spectrum (a )  in Figure 39 , with a g value of 1.993 , was 
predominent when the acid concentration was 8. 8 M or greater. 
The spectrum was relatively independent of the molybdenum(V) 
-4 -2 concentration when it was between 6 X 10 M and 1 X 10 M. A 
I 




11 . 4  M 
1 X 10-Z M 
DPPH 
33So 3¥0 0  3 �SO 
F ield Strength (gauss) 
HBr : 8 . 8 M 
Mo(V): . 6 . 0 X 10-3 M 
HBr: 6. 8 M 
Mo(V): 6. 1 X 10-3 M 
HBr: 6 . 7 M 
Mo(V): l . 0 X 10-2 M 
HBr: 6 . 1 M 
Mo(V): 1 X 10-2 M 
HBr: 5 . 5 M 
Mo (V): 6 X 10-3 M 
Figure 40: Electron Spin Resonance Spectra of  Mo lybdenwn(V ) 
Solutions  in Hydrobromic Acid. 
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shoulder at the same position as the negative maximum of spectrum 
(b) in Figure 39 became more prominent when the acid concentration 
was reduced. The change is shown in the first three spectra in 
Figure 40 . 
2 .  Molybdenum(V) Solutions in 5 , 9  M to 6.8 M Hydrobromic 
Acid 
Most of the electron spin resonance spectra obtained at acid 
concentrations below 8. 8 M appeared to contain three overlapping 
signals with g values and half widths corresponding to spectra 
(a) , (b) , and (d) in Figure 39 , The electron spin resonance 
spectra of three of these solutions are shown in F igure 40 . 
An electron spin resonance spectrum corresponding to spectrum 
(b) in Figure 39 was more clearly evident in the 6 X 10-J M 
solutions than in the 1 X 10-2 M solutions. When the molybdenum(V) 
concentration was 6 X 10-J M, a decrease in the acid concentration 
to 6 . 2 M caused it to be much more intense than any of the other 
overlapping spectra [Figure 39 ,  spectrum (b) ]. Increasing the 
molybdenum(V) concentration from 6 X 10-J M to 0. 29 M caused 
spectrum (b) to completely disappear and be replaced by spectrum 
(c) . A shoulder corresponding to the negative maximum of spectrum 
(a) was present in all of the spectra, but it became less promi­
nent as the acid concentration was reduced. A shoulder at about 
J441 G was present in all of the spectra. 
J. Molydbenum(V) Solutions in 5 , 4  M and 5.5 M Hydrobromic 
Acid 
150 
A decrease in the acid concentration from 6. 1 M to 5 ,4 M 
caused the electron spin resonance spectrum to become very weak. 
When the molybdenum(V) concentration was 3 X 10-
2 M, the spectrum 
consisted of two overlapping signals with the same negative 
maximum as in spectra (b) and (c) in Figure 39. A weaker signal 
that appeared to correspond to spectrum (a) was also present. 
When the molybdenum(V) concentration was 5 .5  X 10-J M, the 
spectrum was weaker, showing overlapping spectra correspond-
ing to spectrum (a) and spectrum (b). The shoulder at 3436 G was 
more prominent than it was in the spectra of 5. 9 M to 6. 8 M acid 
solutions. A further decrease in the molybdenum(V) concentration 
to 6 X 10-4 M resulted in a more intense spectrum that appeared 
to have the same symmetry and g value as spectrum (b) in Figure 
39. 
ELECTRON SPIN RESONANCE SPECTRUM OF A MOLYBDENUM(V) SOLUTION IN 
HYDROCLORIC ACID 
-2 The electron spin resonance spectrum of a 1 X 1 0  M 
molybdenum(V) solution in 9. 1 M hydrochloric acid is given in 
Table XX. It was sharver, more symmetrical, and about 6 times 
as intense as the spectrum of a 1 X 10-2 M molybdenum(V) solution 
in 8. 8 M hydrobromic acid. The area of the signal was almost 
four times as great. 
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TABLE XIX 
ELECTRON SPIN RESONANCE SPECTRA OF MOLYBDENUM ( V )  
SOLUTIONS I N  HYDROBROMIC ACID 
So lution 
HBr : 13 . 5 M 2 Mo ( V ) : 1 . 0  X 10 - M 
FreQ : 9 . 482 GHz 
HBr : 13 . 5 M 3 Mo ( V ) : 5 . 98 X 10 - M 
FreQ : 9 . 482 GHz 
a HBR : 13 . 5 M 3 Mo ( V ) :  1 . 99 X 10- M 
FreQ :  9 . 482 GHz 
HBr : 11 . 4  M 
1 . 01 X 10-2 M Mo ( v ) : 
FreQ :  
HBr : 
Mo ( V ) : 
FreQ :  
HBr : 
Mo ( v ) : 
Freq, : 
HBr : 
Mo ( v ) : 
FreQ:  
HBr : 
9 , 470 GHz 
11 . 4  M 
6 . 14 X 10-3 M 
9 , 472 GHz 
11. 4 Ma 
6. 14 X 10-4 M 
9 . 482 GHz 
8 . 8 M _2 1 . 0  X 10 M 
9. 481 GHz 
8 . 8 Ma 
Mo ( V ) : 6 . 0 X 10-J M 
Freq : 9 , 482 GHz 
Center Half R e lative 
of  Signal W idth SEectrum 
(gauss) (gauss) I ntensity 
3399 15 10 . 0  
3398 15 8. 9 
3399 22 7 . 6 
3394 15 8. 8 
3403 32 
3400  15 8. 5 
3407 32 
3400 19 8. 3 
3399 14 
3408 Jl 






8 , 9 
11 . l  
8. 8 
8 . 5 




1 , 993 
1 . 993 
1. 993 
1.993 
1 . 988 
1.993 
1 . 9 88 
1 . 992 




TABLE XIX --Continued 
Species Comments and Position of Negative Maximum 
A Sharp Signal ( 3407 G) 
A Sharp Signal ( 3406 G) 
A Sharp Signal ( 3410 G) 
A Sharp Signal ( 3405 G) 
C Shoulder at 3423 G 
A Sharp signal ( 3407 G) 
C Shoulder at 3421 G 
A Sharp signal ( 3410 G )  
A Distinct signal ( J406 G) 
C Shoulder at 342J G 
A Distinct signal ( J407 G )  





a HBr : 8.8 M 3 Mo (V ) : 2.0 X 10- M 
Freq : 9. 483 GHz 
b HBr : 6. 7 M 2 Mo ( V ) : 1. 0 X 10- M 
Freq :  9. 479 GHz 
b HBr : 6 .8 M 3 Mo (V) :  6 . 01 X 10- M 
Freq : 9 , 493 GHz 
HBr : 6 . 7 Ma 4 Mo (V) :  5 . 0 X 10- M 
Freq : 9. 480 GHz 
HBr :  5 ,9 Mb 
Mo (V) :  0. 292 M 
Freq : 9. 493 GHz 
HBr : 5 , 9 Mb 
Mo (v) :  0 . 143 M 
Freq : 9. 486 GHz 
HBr :  5.9 Ma 
Mo (v) :  7 , 08 X 10-2 M 
Freq : 9 , 487 GHz 
Center Half 



























9. 5 20.9 
13.8 25.8 
14 25 
1 . 5 2 . 0 
1 . 3 2. 0 
1 . 3 2 . 1  
Estimated 
_g Value 
1 . 993 
1 . 987 
1 . 993 
1 . 990 
1. 987 









1 . 991 




1 . 993 
1. 990 
1 . 984 
TABLE XIX --Continued 
Species Comments and Position of Negative Maximum 
A Distinct signal ( 3403 G )  
C Shoulder at 3423 G 
A Slight shoulder at 3404 G 
D Shoulder at 3414 G 
C Most intense signal ( 3425 G) 
E Shoulder at 3433 G 
A Distinct shoulder at 3406 G 
D Slight shoulder at 3417 G 
C Most intense signal ( 3426 G) 
E Slight shoulder at 3441 G 
A Distinct signal 
D Slight shoulder at 3411 G 
C Most intense signal ( 3420 G) 
E Slight shoulder at 3433 G 
D Distinct signal ( 3414 G) 
E Very slight shoulder at 3437 
A Shoulder at 3407 G 
D Most intense signal ( 3419 G) 
E Shoulder at 3441 G 
A Shoulder at 3407 G 
D Most intense signal (3418 G) 





HBr:  6. 1 Ma 
Mo (v) : 1. 0 X 10-2 M 
Freq :  9 , 483 GHz 
HBr :  6. 2 Mb 
Mo (v) : 5.92 X 10-3 M 
Freq :  9.488 GHz 
a HBr: 5 . 4 M 2 Mo(V) : 2.96 X 10- M 
Freq :  9 , 483 GHz 
HBr:  5 , 5 Mb 
Mo(V) : 5.48 X 10-3 M 
Freq :  9. 488 GHz 
HBr:  5 . 4  Ma, b 4 Mo(V) : 5 .95 X 10- M 
Freq :  9 .482 GHz 
TABLE XIX --Continued 
Center Half 


















Intensi t;z Area 
4. 5 10. 0 
5 . 2 10. 5 
1 . 3 2. 1 
0 . 27  0 . 48 
1 . 1  1 . 9 
aThe signal to noise ration was low, resulting in some uncertainty 
in the values given. Values are based on comparison of two or more 
scans of the ESR spectrum. 
bThe sensitivity of the ESR spectrometer was much greater than 
when most of the ESR spectra were recorded. 
Estimated 
g Value 
1 , 993 
1.990 
1 . 987 
1. 983 
1. 993 
1 , 990 
1. 988 
1. 983 




1 , 984 
1. 988 
TABLE XIX--Continued 
.Species Comments and Position of Negative Maximum 
A Shoulder at 3406 G 
D Slight shoulder at 3415 G 
C Most intense signal ( 3426 G) 
E Slight shoulder at 3441 G 
A Shoulder at 3406 G 
D Slight shoulder at 3415 G 
C Most intense signal ( 3425 G) 
E Slight shoulder at 3446 G 
A Shoulder at 3403 G 
C, D Most intense signal ( 3418 G) 
C Slight shoulder at 3432 G 
A Slight shoulder at 3407 G 
C Most intense signal ( 3423 G) 
E Shoulder at 3436 G 
C Distinct signal ( 3422 G) 
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TABLE XX 
ELECTRON SPIN RESONANCE SPECTRA OF A MOLYBDENUM ( V )  
SOLUTION IN HYDROCHLORIC ACID 
(FREQUENCY 9 , 485 )  
Signal Half 









J . 89 
E stimated 
g Value 
1 . 948 
a -2 Compared to the ESR spectrum of  a 1 X 10 M So lution of 
( NH4) 2Mo0Br , in 8. 8 M hyd robromic acid. 
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NONAQUEOUS SOLUTI ONS 
Anhydrous Ethanol-Hydrogen Bromide Solutions 
The electronic absorption spectra of solutions of (NH4) 2Mo0Br5 
in anhydrous ethanol-hydrogen bromide were somewhat different in 
appearance and behavior from the hydrobromic acid solu tion spectra. 
The hydrogen bromide concentration in anhydrous ethanol necessary to 
produce a certain spectrum was considerably lower than that required 
to form the · analogous spectrum in hydrobromic acid. The electronic 
absorption spectra of these solutions are shown in Figures 41 and 
42 and in the Appendix, Table XXXVII. 
Solutions in 5 M Ethanol-Hydrogen Bromide 
When the hydrogen bromide concentration was 5 M, the electronic 
absorption spectrum shown in Figure 41 resulted. It  showed a slight 
resemblence to the spectrum of a 1 . 5 X 10-5 M solution in 13 . 4  M 
hydrobromic acid, with bands at 335 nm, 350 nm, 382 nm, 413 nm, 472 
nm, and 718 nm. When the molybdenum(V) concentration was reduced 
-4 -5 from 4 X 10 M to 8 X 10 M the spectrum became less intense, but 
the positions and relative intensities of the bands did not change 
significantly. 
Solutions in J .5 M and L� . 6 M Ethanol-Hydrogen Bromide 
When the hydrogen bromide concentration was reduced from 5 M 
to 3 . 5 M, the spectrum shown in Figure 42 resulted. It  was like 
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hydrobromic acid (Figure 27, page 125) ,  except that the absorption 
bands were sharper and less intense. 
Solutions in 1.9 M Ethanol-Hydrogen Bromide 
Reducing the hydrogen bromide concentration to 1 . 9 M caused all 
of the visible bands except the 708 nm band to become much weaker 
(Figure 41) . The 377 nm band became considerably more intense than 
the 413 nm band and a shoulder at 455 nm appeared. The ultraviolet 
spectrum showed two relatively strong bands at 263 nm and 280 nm 
and a weak band at 315 nm. This spectrum was considerably different 
from any of the spectra shown by hydrobromic acid solutions . 
Solutions in 1 . 2 M Ethanol-Hydrogen Bromide 
When the hydrogen bromide concentration was reduced from 1 , 9 M 
to 1.23 M, the visible absorption spectrum increased in intensity 
and the 263 nm, 280 nm, and 315 nm bands were replaced by a more 
intense peak at 245 nm and a shoulder at 290 nm ( Figure 42) .  The 
intensity of the 415 nm band relative to that of the 378 nm band 
increased . This change was opposite that observed in hydrobromic 
acid. 
Solutions in 1. 05 M Ethanol-Hydrogen Bromide 
Reducing the hydrogen bromide concentration from l. 2J M to 
1.05 M caused the electronic absorption spectrum to become more 
intense (Figure 42 ) .  Band positions did not change significantly, 
but the 41J nm band became less prominent. 
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Solutions in 7 ,5 X 10-J M and 0 . 5 M Ethanol-Hydrogen B romide 
When the hydrogen bromide concentration was reduced from l . 2J M 
to 0. 5 M the 377 nm and 413 nm bands disappeared, leaving only a 
shoulder at 450 nm and a weak band at 72 0 nm (Figure 42). The 
position of the latter band was a rough estimate because of end 
absorption that extended from the ultraviolet region to above 900 nm. 
In the ultraviolet region, the shoulder at 290 nm was replaced by 
a peak at JOJ nm. The spectrum resembled the spectra of molybdenum(V) 
solutions in dilute hydrobromic acid. 
When the hydrogen bromide concentration was reduced further, 
the 450 nm band disappeared, but a weak band at about 72 0 nm remained. 
The JOJ nm band showed a change in position to 298 nm, but sm wed no 
change in intensity. There was only end absorption in the visible 
region. 
Stock Ethanol-Hydrogen Bromide Solutions 
Electronic Absorption Spectra 
The visible absorption spectra of some molybdenum (V) solutions 
in stock ethanol-hydrogen bromide are shown in Table XXI. The 
dilute solutions were prepared by reacting molybdenum trioxide with 
ethanol-hydrogen bromide . 
1. Solutions in 6 M and 10 M Ethanol-Hydrogen Bromide 
When the hydrogen bromide concentration was 6 M or 10 M, the 
spectra were like those shown by the 3. 5 M and 4.6 M anhydrous 
ethanol-hydrogen bromide solution spectra, except for the highest 
1 62 
TABLE XX I 
ELECTRONIC ABSORPTION SPECTRA OF STOCK 
ETHANOL-HYDROGEN BROMIDE SOLUTIONS 
HBr Band Wavelengths (nm} and Mo lar 
Co ne . Mo(v} Co ne . Extinction Coefficients 
1 0  M 1 . 50 X 1 0-2 M 71 4 ( 6 . 1 )  
1 0  M 2 . 6 1  X 1 0 -4 M 377 ( 1 83 0 )  41 6 ( 252 0 ) 481 ( 375 ) 
6. 0 M 1 . 50 X 1 0-2 M 7 1 8 ( 9.1 )  
6.0 M 2.61  X 1 0 -4 M 377 ( 1 760 ) 41 6 (2 490 ) 481 ( 2 80 ) 
4 . 0  M 1 . 50 X 1 0-2 M 72 0 ( 7.2 ) 
4 . 0  M 2 . 61  X 1 0-4 M 378( 2 2 1 0 ) 41 6 ( 301 0 ) 478 ( 2 80 ) 
1 . 4 M 1 . 50 X 1 0-2 M 71 7 ( 8.8)  
1 . 4 M 2.61  X 1 0 -4 M 377 ( 2 43 0 )  41 5 ( 2930) 476 ( 441 ) 
0 , 03 M 1.50 X 1 0 -2 M 71 2 ( 1 2.5 ) 
0 , 03 M 6.48 X 1 0-4 M 374( 795 ) 41 5sh(397 ) 452 ( 341) 
TABLE XXI I 
ELECTRON SPIN RESONANCE SPAECTRUM OF A STOCK 
E THANOL-HYDROGEN BROMIDE SOLUTION 
So lutio n 
( NHtJ2Mo0Br5 _4 Mo ( : 5 . 25 X 1 0  M 






J41 8  
Half 
W idth g_ 
(gauss} Value Comments 
2 7  1.987 Mo st intense 
1 0  1 . 992 Shoulder at J407 G 
42 1 . 983 Slight should er at 
341 8 G 
wavelength band , which was weaker. Reducing the hydrogen bromide 
concentration to 6 M caused the intensity of the 416 nm band 
relative to that of the 377 nm band to increase slightly, as was 
observed in hydrobromic acid solution spectra. The 7 14 run band 
increased in intensity and showed a change in position to 718 nm. 
2. Solutions in 1.4 M and 4.0 M Ethanol-Hydrogen Bromide 
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When the hydrogen bromide concentration was reduced from 6 M to 
1 . 4  M, the intensity of the 375 nm band relative to that of the 415 
nm band increased , but not nearly to the extent that it did in 
anhydrous ethanol-hydrogen bromide. The spectrum did not show the 
large decrease in intensity shown by the spectra of the anhydrous 
solutions. The 481 nm and 718 nm bands became more intense and 
showed changes in position to 476 nm and 717 nm , respectively. 
3. Solutions in 0 , 03 M Ethanol�Hydrogen Bromide 
When the hydrogen bromide concentration was reduced to 0.03 M ,  
the 374 nm and 415 nm bands became much weaker and less distinct. 
The 476 run band showed a change in position to 452 nm and a slight 
decrease in intensity. The 717 nm band became more intense and 
showed a change in position to 712 nm. The resulting spectrum 
resembled that shown by a 7 X 10-2 M molybdenum(V ) solution in 6 M 
hydrobromic acid (Figure 34 ,  page 135). 
Electron Spin Resonance Spectrum of a 0.9 M Ethanol-Hydrogen 
Bromide Solution 
-4 The electron spin resonance spectrum of a 5 . 25 X 10 M 
solution of (NH4) 2Mo0Br5 in 0. 9 M stock ethanol-hydrogen bromide 
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showed two overlapping signals with estimated g values of 1. 992 and 
1.987 (Table XII) .  A shoulder at 3446 G indicated the possible 
presence of another signal with a g value of about 1. 983. The 
spectrum was similar in appearance to that of a 6 X 10-3 M 
molybdenum(V) solution in 6. 8 M hydrobromic acid, shown in Figure 40, 
page 148 . 
Ethyl Ether Solutions 
Reaction of Ammonium Oxopentabromomolybdate(V) with Ethyl Ether 
When (NH4)2Mo0Br5 
was stirred with ethyl ether, a yellow 
solution and a white insoluble residue consisting almost entirely 
of ammonium bromide resulted. For each mole of (NH4)2Mo0Br5 reacted, 
2 moles of ammonium bromide were precipitated, leaving a molybdenum 
to bromide ratio in the solution of 1.0 to 3. 0. 
1. Electronic Absorption Spectra of Solutions 
The electronic absorption spectrum of a molybdenum(V) solution 
in ethyl ether resulting from reaction of (NH4)2Mo0Br5 is shown 
in Figure 4J. I t  showed bands at 252 nm, J03 nm, 367 nm, 452 nm 
and 680 nm. Except for the absence of a band at 411 nm, the visible 
spectrum resembled that of a J X 10-2 M molybdenum(V) solution in 
6.1 hydrobromic acid . (Figure JO, page 127 ) . 
Reducing the molybdenum(V ) concentration from 5 X 10-J to 
2 X 10-J M resulted in an increase in intensity by the visible 
spectrum, but further dilution caused the visible spectrum to 
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in Ethyl Ether Containing a Molybdenum to Bromide Ratio 
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6 -4 · -4 reduced from  2 . X 10 M to 2 .0 X 10 M, a spectrum resembling 
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the spectra of molybdenum(V) solutions in dilute hydrobromic acid 
resulted (Figure 43) . The molybdenum(V) concentration at which this 
occurred was different for different so lutions. The changes in the 
spectra resulting from dilution are shown in Table XX I II. 
Different electronic absorption spectra were obtained when the 
hydrogen bromide concentration in one of the above so lutions was 
increased by the addition of an ether-hydrogen bromide solution. 
When the molybdenum to bromide ratic was increased to 1 to 3.8 , 
the electronic absorption spectrwn shown in Figure 44 resulted. 
Though it was rather weak, it was much like that of a 6 X 10 -5 M 
molybdenum(V) solution in 5 . 4 M hydrobromic acid. (Figure 35 , 
page 135) ,  showing bands at 375 nm, 419 nm , 475 nm and 707 nm. The 
375 nm band was considerably more intense than the 419 nm band. 
The spectrum of a so lution with a molybdenwn to bromide ratio of 1 
to 11.4 was much more intense , and the 418 nm band was the most 
intense band . The latter spectrum showed a close resembl ance to 
the spectrum of a mo lybdenum(V) solution in concentrated hydrobromic 
acid (Figure 27 , page 125 ) .  The above spectra are given in Table 
XXIV. 
2. E lectron Spin Resonance Spectra of Solutions 
The electron spin resonance spectrum of a mo lybdenum(V) 
so lution in sto ck ethyl ether is shown in Figure 45, It consisted 
of a single symmetrical signal, with an estimated g value o f  1.986 
and a half width of 24 G. It showed very little hyperfine structure. 
DPPH 
�� 3 s Cl :H .., _;. ') L,' s 0 
Field Strength ( gauss)  
� 
o ( V ) : J. 4  X 10-
2 M 
( No HBr added ) 
8. 2 X 10 -J M 
( Mo to Br ratio of 
1 to J . 8 )  
"J SO O  
Figure 45 . Electron Spin Resonance Spectra of Mo lybdenum ( V )  Solutions 
in Ethyl Ether . 
TABLE XXIII CD 
ELECTRONI C ABSORPTION SPECTRA OF ETHYL ETHER SOLUTIONS 
Solution Band Wavelengihs , Absorbanceialu_e§_, and Mo lar Extinction Co efficients 
( NH4)2Mo0Br 5 366 451 680 
4. 81 X 10 -3 M ( 2930 )  ( 1500 )  ( 24)  
( NH4)2Mo0Br5 247 302sh 366 451 680 
2.10 X 10-3 M ( 5780) ( 2740 ) ( 3470) ( 1860 )  ( 40 )  
( NH4)2Mo0Br5 252 302sh 367 452 680 
6.81 X 10-4 M ( 5770 )  ( 2610 ) ( 2980 ) ( 1580 ) ( 33) 
(NH4)2Mo0Br5 252 302sh 367 452 680 
2 , 57 X l0-4 M ( 6290 ) (2710 ) ( 2730 )  ( 1380 ) ( 20 )  
( NH4)2Mo0Br5 254 287sh 365sh 45lsh 
2 . 23 X 10 -4 M ( 6210 ) ( 3 150 ) ( 220 ) ( 81 )  
( NH4) 2Mo0Br5 254 2 87sh 600 
2.02 X 10-4 M ( 6630) ( 3320) ( 110) 
( ani1H )2Mo0Br 5 247 302sh 
7 , 8 X 10 -4 M ( 5590 ) (2520 ) 
( cH3 )4NMoOBr4(H20 )  J00sh 
1 cm path 
1 mm path (2 . 00 )  
( c4H9) 4NMo0Br4 
1mm path 
365 
( 2970 ) 
J6J ,  372 417 




( 1500 ) 
448sh 
( 0. 277 ) 
640 , 700sh 
( 29 ,  26 ) 
697 





ELECTRONIC ABSORPTION SPECTRA OF E'IHYL ETHER SOLUTIONS 
'ID WHICH HYDROGEN BROMIDE WAS ADDED 
1 70 
Ratioa Band Wavelengths ( nm} and Molar 
Solution MoZBr Extinction Coefficients 
(NH4) 2Mo0Br5 1 . 0/3. 8 375 41 9 475sh 707 
Mo (V ) : 8. 2 X 1 0 -3 M (881 ) (688) (206 ) (4 . 1 ) 
Add ed HBr : 6. 8 X 1 0 -3 M 
(NH4) 2Mo0Br5 
1 . 0/1 1 . 4  378 41 8 472sh  705 
Mo (V ) : 4 , 9 X 1 0 -3 M (3460 ) (3960 ) (629)  (1 6 )  
Added HBr:  4 . 1  X 1 0 -2 M 
aAsswning an initial Mo/Br ratio of 1 . 00/3. oo 
TABLE XXV 
ELECTRON SPIN RESONANCE SPECTRA OF ETHYL ETHER SOLUTIONS 
Center Half 
of Signal Width Signal g_ 
Solution l_gauss2 �gauss} Intensitz Value Comments 
(NH4)2MoOBr5 3412 24 
2 . 1 1,986 Symmetrical , hyperfine 
Mo(V) : J . 4 X 10-2
 M 
structure weak 
Mo/Br:  1.0/3 . 0 
(NH4)2MoOBr5 3410 26 o . 6
 1.987 Slight broadening above 
Mo(V) : 5 , 0 X 10-3 M J410 G 
Mo/Br:  1.0/J. O 
(NH4)2MoOBr5 
- - No signal observed 
Mo(V) : 3 , 0 X 10-
J M 
Mo/Br :  1. 0/J.O 
(NH4)2MoOBr5 3411 24 0.8 1,988 Two signals predominent 
Mo(V) : 8.2 X 10-3 M 341J 28 - 1,986 with equal intensities 
-3 3404 HBr: 6.8 X 10 10 - 1 , 992 Slight shoulder 





The symmetry of the spectrum was close to that of a O. J M molybdenum 
(V) solution in 6 M hydrobromic acid, but the g value was lower. 
Dilution of the solution caused the spectrum to become weaker. 
Also, the g value changed to 1. 987, and the half width increased 
slightly. Further dilution caused the spectrum to disappear. The 
electron spin resonance spectra of these solutions are given in 
Table XXV. 
The electron spin resonance spectrum of an ethyl ether solution 
with a molybdenum to bromide ratio of 1 to J.8 is shown in Figure 
45 , The spectrum was weaker and less symmetrical, and it appeared 
to contain four overlapping signals, indicated by shoulders at 
J404 G, J411 G, J41J G and J420  G. The estimated g values of the 
signals were 1.992, 1.988, 1.986 and 1.982, assuming the positive 
maxima of all of the signals were at the same position. The signals 
with g values of 1.988 and 1.986 were of equal intensity, and the 
other two signals were much weaker. Hyperfine structure was more 
evident than in the spectrum of the solution to which no hydrogen 
bromide was added. 
R eactions of Other Oxobromomolybdate(V) Compounds with Ethyl 
Ether 
Addition of (ani1H)2Mo0Br5 to ethyl e
ther resulted in a 
solution with a spectrum similar to that produced using (NH4)2Mo0Br5 
(Figure 4J), and an undissolved residue. The spectrum of the 
solution resulting from the addition of (cH3)4NMoOBr4
(H20) to ethyl 
ether resembled the spectrum of the ether solution with a molybdenum 
173 
to bromide ratio of 1 to J. 8 (Figure 44). Addition of (c4H9)4NMoOBr 
to ethyl ether resulted in a solution with a spectrum containing a 
single broad peak at 340 nm. The pyridinium , quinolinium and 
2 , 2-dipyridyliurn salts were only very sl ightly soluble in ethyl 
ether, if at all, and the solutions did not absorb above 250 nm. 
Stock Chloroform and Chloroform-Ethanol Solutions 
Electronic Absorption Spectra 
Electronic absorption spectra of solutions of oxobromomolybdate 
(V) compounds in stock chloroform (containing 0 . 75% ethanol) are shown 
in F igures 46 and 47, and in Tables XXVI and XXVII. Sample cell 
thicknesses and absorbance values are given in the table for solu­
tions for which molybdenum(V) concentrations were not determined. 
Electronic absorption spectra of stock chloroform and chloroform­
ethanol solutions that were used to record electron spin resonance 
spectra are shown in Table XXVIII. The molybdenum(V) concentrations 
in the table were estimated by comparison with the spectra shown in 
Table XXVI . 
1. Oxotetrabromomolybdate(V) Compounds 
The electronic absorption spectrum of a stock chloroform 
solution of (cH
3
)4NMo0Br4(H2o) resembled the electronic absorption 
spectra of molybdcnurn(V) solutions in conccn tra Lcd hydrobromic 
acid. It showed bands at 248 nm, 296 nm , J80 nm, 425 nm and 700 nm . 
The same spectrum was obtained if the chloroform contained 1 . 8% 
ethanol. If the latter solution was allowed to stand for J6 hours , 
174 
the 419 nm band became less intense and the 465 nm and 685 nm bands 





phenNMoOBr4(H20 )  and (c4H9 ) 4NMoOBr4 in stock chloroform were 
the same as that of (cH3 ) 4NMo0Br4(H20 ) ,  except that the intensity 
of the 420 nm band relative to the J 7J nm band was greater. 
(c�9 ) 4NMoOBr4 was the only compound prepared in this study 
that was readily soluble in stock chloroform. 
2. Oxopentabr?momolybdate(V) Compounds 
The electronic absorption spectrum of a solution of (NH4) 2Mo0Br5 
in stock chloroform (Figure 46) was considerably different from 
the spectra of the solutions of oxotetrabromomolybdate(V ) compounds. 
The J 70 nm band was relatively broad, and the 419 nm and 458 nm 
bands were of equal intensities. After standing in a sealed test 
tube above solid (NH4) 2Mo0Br5 for 5 days, a spectrum similar to 
those shown by the oxotetrabromomolybdate(V ) compounds resulted 
( Table XXVII ). If the ethanol concentration was increased, the 
change occurred within 6 hours. 
A solution of (ani1H) 2Mo0Br5 in stock chloroform showed a 
slightly different spectrum. The 416 nm band was almost as intense 
as the J 7J nm band, and considerably more intense than the 464 nm 
band. After standing for 19 hours in a sealed test tube, the 
spectrum was simi lar to that of ( cH3 ) 4NMoOBrL/ H20 ) . If the ethanol 
concentration was 1. 8%, the solution showed the latter spectrum 
immediately. The compound was over three times more soluble in 
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F igure 47. Electronic Absorption Spectra of Stock Chloroform 
Solutions of (QuinH) i1oOBr5 and Mo2o4Br2dipy2
. 
175 
The electronic absorption spectrum of (quinH) 2Mo0Br5 was 
considerably different from the spectra of the above oxopentabromo­
molybdate(V) compounds . Instead of two bands at 370  nm and 420 nm 
there was a single, rather c road band at 395 nm (Figure 47) . 
The other bands resembled those shown by the chloroform solution 
spectra of the oxotetrabromomolybdate(V) compounds. The chloroform 
solution spectrum of dipyH
2
Mo0Br5 was the same , except for the 
presence of a band at 535 nm. 
3. Quinol�nium Catena-�-oxo-tetrabromomol bdate V and 
Pyridinium Catena-µ-oxo-tetrabromomol bdate V 
The electronic absorption spectrum of (quinHMo0Br4) n in 
stock chloroform was the same as the spectra of the monomeric 
oxotetrabromomolybdate(V) compounds, except for two overlapping 
bands at 310 nm and 314 nm. If the ethanol concentration was 1. 3%, 
the spectrum changed to one similar to the spectrum of (NH4) 2Mo0Br5 
after standing for 24 hours. The spectrum of a solution of 
(pyrHMo0Br4) n in stock chloroform resembled the spectrum of a fresh 
solution of (ani1H) 2Mo0Br5. The solution became colorless and a 
white precipitate formed in less than one hour. 
4. 0xobridged Compounds Containing 2 , 2-Dipyridyl 
The electronic absorption spectrum of a stock chloroform 
solution of the sample of Mo2o3Br4dipy2 prepared in hydrobromic 
acid was similar to the spectrum of dipyH2Mo0Br5 in stock chloroform. 
The spectrum of the sample prepared in ethanol was about the same, 
except that the band positions were slightly different, and the 
solubility of the compound appeared to be much less. The spectrum 
of a solution of Mo2o4Br2dipy2, shown in Figure 47, resembled the 
spectra of molybdenum(V) solutions in dilute hydrobromic acid. 
5. The Product Separated from a Molybdenum(V) Solution in 
Ethyl Ether by the Addition of 2, 2- dipyridyl 
The stock chloroform solution spectrum of the product separated 
from a molybdenum(V) solution in ethyl ether by addition of 
2, 2 -dipyridyl resembled the spectrum of Mo2o3Br4dipy2 in chloroform. 
But the intensity of the 3 09 nm band relative to the other bands 
was much greater and the position of the 720 nm band was consider­
ably different. 
6. Tetraoxotetrahydroxooctabromoaguotetramolybdenum(V) 
The electronic absorption spectrum of a stock chloroform 
solution of Mo4o4(0H) 4Br8(H2o) showed bands at 325 nm, 413 nm, 
475 nm and 735 nm, but there was no band at 370 nm, as was shown 
by most of the above spectra. The solution was very unstable, 
becoming colorless and forming a blue precipitate in an hour or 
less. The solution spectrum is shown in Figure 48 . 
Electron Spin Resonance Spectra 
The electron spin resonance spectra of solutions of some 
oxobromomolybdate(V) compounds in stock chloroform and chloroform ­
ethanol are shown in Figure 49 and Table XXIX. The electronic 
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Figure 48. Electronic Absorption Spectra of Solutions of 
Mo4o4(oH )4Br8 ( H2o )  in Stock Chloroform and Ethyl Ether. 
TABLE XXVI 
ELECTRONIC AB SORPTION SPECTRA OF STOCK CHLOROFORM SOLUTIONS 
Solution Absor£tion Bands and Mo lar Extinction  Co effi cients or Abso rbance  Values  
( cH3 ) 4NMoBr4( H20 )  248 296sh 380 425 467 700 
2 . 5 X 10 -4 M (7080 ) (4040 ) (2010 ) (202 0 )  (702 ) (20 )  
( cH3 ) 3phenNMoOBr4(H20 ) 243 296sh 373 420 472 700 
1 cm path (1 . 28 ) (1 . 04) ( 1 . 13 )  (0 . 188) (0 . 0 05 )  
1 mm path (0 . 308 )  
( c4H9 ) 4NMo0Br4 246 296sh 382 419 482 700 
3 . 8  X 10-3 M (5120 ) (2010 )  (1670 ) ( 1870 ) ( 204) ( 7 . 2 ) 
(NH4) 2Mo0Br5 245 310sh 370 419 458 680 
1 . 4 X 10-3 M (2960 ) (2760 ) ( 1520 )  (1570 ) (77 ) 
9 , 7 X 10 -4 M (10 , 600 ) 
(ani1H) 2Mo0Br5 242 370sh 373 416 464 700 
4 . 8 X 10-3 M (8170 ) (3390 ) (2870 ) (2760 ) ( 1720 )  (84) 
So lution 
(quinH) 2Mo0Br5 
1 mm path 
dipyH2Mo0Br5 
1 cm path 
1 mm path 
(quinHMoOBr4) n 
1. 6 X 10-3 M 
( pyrHMo0Br 4) n 
1 cm path 
1 mm path 
Mo2o3Br4
dipy2 (fr. ethanol) 
1 cm path 
Mo2o3
Br4ctipy2 (fr. HBr) 
1 cm path 
1 mm path 
TABLE XXVI--Continued 
Absor£tion Bands and Molar Extinction Coefficients or Absorbance Values 
2 70sh 
(0. 6 7 7) 
250sh, 2 70sh 
( 0. 322, 0. 250) 
216, 2 19sh 
(0. 429, 0. 335) 
25lsh, 282sh 
( 0. 204, 0. 174) 
241, 2 7lsh 




( 0. 2 75) 
390sh, 314 
(8 7 70, 9000) 
292sh 
( 1. 19) 
'308 










(o , 597) 
408 
( 0. 029) 
400 
( 0. J8J) 
472 685 
(0. 060) (0. 004) 
535 700 
(0. 224) (0. 016) 
417 471 695 
(2100) (636) (65) 
415 470 700 
( 0. 513) (0. 206) (0. 001) 
.; 478 
( 0. 008) 
468 705 




1 cm path 
dipy. precip. fr. ether 
1 cm path 
1 mm path 
Mo 4o 4 ( OH) 4Br8(Hi) 
1 mm path 
1 cm path 
TABLE XXVI--Continued 
AbsorEtion Bands and Molar Extinction Coefficients or  Absorbance Values 
260sh 309 
(0. 412) (0.439) 
236sh, 270sh 3 09 
(0.404, 0. 230) (1 . 65) 
325sh 






( 0. 808) 
472, 545 




( 0 . 109) 
735 






ELECTRONIC AB SORPTION SPECTRA OF AGED S'IDCK 
CHLOROFORM SOLUTIONS OF (NH4) 2Mo0Br5 
Age of  So lution Path B and Wavelengths �nm} and Absorbance Values 
1 hour 305sh 378 418 458sh 765 
1 mm ( 1 . 55) (0. 477 )  (0. 319 ) ( 0 . 223 )  
1 cm ( 0. 097) 
24 hours 305sh 376 416 472sh 765 
1 mm ( o. 838) ( 0. 413 )  ( 0. 36 1 ) ( 0. 093) 
1 cm ( 0. 082 ) 
2 days 298sh 377 41 9 472sh 700 
1 mm ( 1 . 38) ( 0. 533 ) (0. 505 ) ( 0. 115 ) ( 0 . 086) 
4 days 297sh 377 417 472 sh 705 
1 mm ( 1. 33) ( 0. 966 ) ( 0. 966 ) ( 0. 196 ) 
1 cm ( 0 . 061 ) 
TABLE XX VIII 
ELECTRONIC ABSORPTION SPECTRA OF STOCK CHLOROFORM ANTI CHLOROFORM-E THANOL 
SOLUTIONS USED TO OBTAIN ELECTRON SPIN RESONANCE SPECTRA 
� Band Wavelengths �nm} and Mo lar Extinctio n 
Solutio n Ethanol Age Co efficients or Absorbance Values  
( cH3
)3NMoOBr4(H20 )  
1 . 8  fresh 298sh 377 41 9 465 685 
3 , 3 X 1 0 -3 M ( 2550 )  ( 2 1 20 )  ( 2030 )  ( 848 ) ( 56 )  
3 hr . 298sh 377 41 9 465 685sh 
( 2620 )  ( 2 1 1 0 )  ( 1 860 ) ( 991 )  ( 1 85 ) 
( cH3 ) 3
phenNMo0Br4(H20 )  0 . 75 6 hr .  379 41 8 479 
1 cm path ( 1 .  1 6 )  ( 1 . 32 )  ( 0 , 252 )  
( c4H9 ) 4NMoOBr4 
0 . 75 6 hr. 694 
0 . 20 M ( 9 ) 
(NH4) 2Mo0Br5 
1 . 8 fresh 296sh 374 41 8 460 695 
5 . 6 X 1 0 -3 M ( 2270 )  ( 22 1 0 )  ( 1 620 ) ( 1 1 50 )  ( 65 ) 
5 . 6 X 1 0-3 M 1 . 8  6 hr. 29lsh 377 41 6 470 705 
( 4020 ) ( 1 680 ) ( 1 670 ) ( 393 ) ( 1 6 ) 
5 . 6 X 1 0 -3 M 1 . 8  3 da . 29lsh 376 41 6 474 705 
( I ntense ) ( 1 345) ( 1 330 )  ( 273 ) ( 1 0 ) 
( anilH)  2Mo0Br 5 
1 . 3 fresh 374 
1 mm path ( 2. 00 )  
1 mm path 1 . 3  2 hr .  374 
( 1 . 56) 
(quinHMo0Br4)n l . J fresh 3
77 
J , 9 X 10 -J M (2010) 
J , 9 X 10 -J M 1 . J 2 hr .  374 
( 923 )  
418 . 469 
( 2 . 00 ) ( 1 . 56) 
417 462 
( l . J6 )  ( 0 . 664) 
415 469 
(2010 )  ( 697) 
416 460sh 
(838) ( 602) 
715 
( 0. 103) 
705 
( 0 . 051) 
715 







1. Oxotetrabromomolybdate(V) Compounds 
The electron spin resonance spectra of (cH
3
)4NMoOBr4(H2o )  in 
1 . 8% stock chloroform-ethanol and (c4H9) 4NMo0Br4 in stock chloroform, 
shown in Figure 28, resembled the spectra of molybdenum(V) 
solutions in lJ , 5 M hydrobromic acid. Each showed a single signal 
with an estimated g value of 1 . 994, The signal shown by the 
solution spectrum of (c4H9)4NMoOBr4 was broader and more symmetrical 
than that shown by (cH3 ) 4NMoOBr4




3phenNMoOBr4(H2o )  consisted of a signal with a g value of 1,993 
and a weaker overlapping signal with a g value of 1 . 989. 
2. Oxopentabromomolybdate(V) Compounds 
The electron spin resonance spectra of solutions of 
(NH4) 2Mo0Br5 in stock chloroform containing 1. 8% ethanol that were 
fresh and 6 hours old are shown in Figure 48. The spectrum of a 
fresh solution consisted of a single signal with a g value of 1. 989. 
It was broader and more symmetrical than the spectrum shown by the 
solution of (cH3 )4NMoOBr4
(H20 ). The spectrum of a 6 hour old 
solution of the compound appeared to have two overlapping signals 
with estimated g values of 1,990 and 1 . 994. A three day old 
solution showed a less  intense . signal with an estimated g value of 
1,992, and a weaker signal with an estimated g value of 1 , 988. 
The electron spin r .sonance spectrum of a fresh solution of 
(ani1H) 2Mo0Br5 in stock chloroform containing no additional ethanol 
showed two overlapping signals with estimated g values of 1 . 991 





1. 8 % Ethanol 
(g_uinHJl:o OBr4) n 
l . J % Ethanol 
(g_uinHMoOBr4)n 
J . J % Ethanol 
(NH4) 2Mo0Br5 
1. 8 % Ethanol 
Fresh Solution 
(NH4) 2Mo0Br5 
1. 8 % Ethanol 
6 Hour old Solution 
------- - -...----.-- -- .... -- - -.. -- , -
I I , l 
; 2 r .:,  J J o o l J S �  ;.,:,0 J 'rf:, , 1-'• 
Field Strength (gauss) 




ELECTRON SPIN RESONANCE SPECTRA OF SIDCK CHLOROFORM AND CHLOROFORM-ETHAN OL SOLUTIONS 
Solution a 
(cH3 ) 3NMoOBr4(H20 ) 
Mo (V ) : 3 . 3 X 10-3 M 
Ethanol: 1 . 8% 
Age: 1 hr .  
(CHJ ) JphenNMoOBr4(H2O) 
Mo(V) cone: unk 
Ethanol: 0 , 75% 
Age: 1 hr .  
(c4H9) 4NMoOBr4(H2o) 
Mo(V): 0 . 20 �I 
Ethanol: 0. 75% 
Age: 1 hr . 
(NH4) 2MoOBr5 
Mo(V): 5. 6 X 10 -3 M 
Ethanol: 1 . 8%  



















0 . 50 
-
-
0 . 82 
Value Comments 
1 . 994 Negative maximum broadened 
slightly 
1 . 993 Strongest signal 
1 . 989 Distinct shoulder at 3423 G 
1 . 994 Single signal 






TABLE XXIX --Continued 
Center Half 
Signal b of Signal Width � 
Solution 
a 
fgaussj (gaussl Intensi tr Value Comments 
(NH4)2Mo0Br5 JJ94 16 0.65 1 . 994 Strongest signal 
Mo(V): 5 , 6 X 10 -J M J401 29 1 , 990 Shoulder at J415 G 
Ethanol: 1 . 8% 
Age: 6 hr . 
(NH4)2Mo0Br5 3407 JO 0. 35 1 . 988 Strongest signal 
Mo(V): 5. 6 X 10-3 M 3400 16 1. 992 Shoulder at 3408 G 
Ethanol: 1.8% 
Age: 3 da. 
(anilH\MoOBr 5 3400 27 
- 1. 991 Strongest signal 
Mo (v): unk 3395 18 1.993 Shoulder at 3404 G 
Ethanol: 0 , 75% 
Age: 1 hr . 
(ani1H)2Mo0Br 5 3397 23 
- 1 , 992 Single signal 
Mo (v): unk 
Ethanol: 1 , 310 
Age: 1 hr . 
(quinHMoOBr4)n 3402 28 0.39 1. 989 Strongest signal 
Mo (v): 3 , 9 X 10 -2 M 3395 16 1 . 993 Dis tinct signal 
Ethanol: 1 . 3% 





b of Sie:£!al Width g 
Solution a (gauss) �gauss1 Intensity Value Comments 
(quinHMo0Br4\ 3396 13 - 1. 994 Strongest signal 
Mo(v): unk 3402 28 1. 990 Shoulder at J416 G 
Ethanol: 3 - 3% 
Age: 1 hr .  
Mo 4o4 (OH) 4Br8(H20)  3401 25 
- 1. 993 Negative maximum at 3414 G 
Mo(v): unk broadened 
Ethanol: 0 , 75% 
aSample concentrations were estimated by comparison of electronic absorption spectra of the 
solutions 
bSignal intensities are given in arbitrary units, based on com parison with the intensity 
of a DPPH standard, using the expression 
I--' 
co 
chloroform-ethanol solution consisted of a single signal with a 
g value of 1 . 992 . The symmetry of the signal was similar to that 
J . Quinolinium Catena-�-oxo-tetrabromomolybdate(V) 
The electron spin resonance spectrum of (quinHMoOBr4) n in a 
l. J% chloroform-ethanol solution showed two overlapping signals 
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with estimated g values of 1. 993 and 1 . 989. The lower g value 
signal was the most intense. The spectrum of a J . J% chloroform­
ethanol solution consisted of two overlapping signals with estimated 
g values of 1. 994 and 1 . 990. In this spectrum the signal with the 
higher g value was the most intense . It resembled the spectrum 
of the 6 hour old solution of (NH4)2Mo0Br5 in Figure 48 . 
4. Tetraoxotetrahydroxooctabromoaguotetramolybdenum(V) 
The electron spin resonance spectrum of a solution of 
Mo4o4(oH) 4Br8 ( H20) in stock chloroform ( 0 . 75% ethanol) consisted of 
a si ngle signal with a g value of 1. 992 . Because of its short 
lifetime, it was not possible to test for possible decomposition 
by obtaining an electronic absorption spectrum of the solution . 
_Solution of Tetraoxotetrahydroxooctabromoaguotetramolybd�num(V) 
in Stock Ethyl Bromide 
The electronic absorption spectrum of a solution of 
Mo4o4 (oH)4Br8(H2o )  in ethyl bromide, shown in Figure 4 8  and 
in the Appendix, Table XXXVIII, was considerably different from its 
chloroform solution spe�trum . It resembled the spectrwn of a 
191 
molybdenum(V) olution in ethyl ether shown in Figure 43, page 165. 
The solution was more stable than the chloroform solution. 
Purified Chloroform Solutions 
The electronic absorption spectra of solutions of 
oxobromomolybdate(V) compounds in purified chloroform were much 
different from the spectra of stock chloroform solutions. A solution 
spectrum of (c4H9) 4NMo0Br4 was the only one that had any resemblence 
to spectra shown by stock chloroform solutions . The spectrum, 
shown in Figure 50 , showed bands at 382 nm, 419 nm, 483 nm and 
675 nm. Absorption in the ultraviolet region was too intense to 
record. It resembled the spectrum of a 1.05 M anhydrous ethanol­
hydrogen bromide solution (Figure 41, page 159) , and the spectrum 
of an ethyl ether-hydrogen bromide solution (Figure 44, page 165) . 
The spectra of solutions that resulted from the stirring of 
(cH
3) 4NMo0Br4(H2o) , (quinHMo0Br4) n ' (NH4)2Mo0Br5 and (ani1H) 2Mo0Br5 
in pure chloroform contained one or two very weak broad bands in 
the visible region, and end absorption in the ultraviolet region. 
The solution that was prepared using (quinHMo0Br4) n also contained 
two relatively intense overlapping bands at 310 nm and 316 nm. 
The spectra of the above solutions are listed in the Appendix, 
Table XXXIX . 
�ified Chloroform Solutions Containing Traces of Water 
When (quinHMo0Br
4)n and (NH4) 2Mo0Br5 
were stirred with purified 
chloroform containing a trace of water, the electroni c  absorption 
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Figure 50 . Electronic Absorption Spectrum of ( c4H9 ) 4NMoOBr4 in 
Purified Chloro form . 
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spectra of the resulting solutions , shown in the Appendix, Table 
XL, resembled the spectra of the pure chloroform solutions .. 
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Stirring purified chloroform with a sample of (ani1H)2Mo0Br5 that had 
not been thoroughly dried resulted in a solution spectrum that was 
similar to that of a one or two day old solution of (NH4) 2Mo0Br5 
in stock chloroform . ,  
Purified Chloroform Solutions Containing Low Concentrations of 
Ethanol 
The electronic absorption spectrum of a solution obtained by 
stirring (quinHMoOBr4)n in anhydrous chloroform containing 0 , 75% 
anhydrous ethanol was similar in appearance to the spectrum of the 
pure chloroform solution of (c4H9) 4NMoOBr4. The spectrum of a 
solution prepared by stirring (NH4) 2Mo0Br5 in the above solvent 
was intermediate in appearance between the above spectrum and the 
spectrum of the solution of (NH4)2Mo0Br5 in stock chloroform. 
The spectra of the solutions are listed in the Appendix, Table XLI . 
Stock Acetonitrile Solutions 
Oxotetrabromomolybdate(V) Compounds 
All of the oxotetrabromomolybdate(V) compounds, including 
(pyrHMoOBr4) n and (quinHMoOBr4)n ' were readily soluble in stock 
acetonitrile. The electronic absorption spectra of all of the 
compounds were the same, except for small differences in band 
intensities . The electronic absorption spectrum of one of t hese 
solutions is shown in Figure 5 1. The spectra resembled the spectrum 
of a molybdenum(v) solution in concentrated hydrobromic acid, 
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Figure 51 .  Electron ic Absorption Spectra o f  ( IB4)2�:oO:Sr  5 
and 
(QuinH )2MoOBr5 
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Figure 52 , Electron Spin Resonance Spectra of  Solut ions of  
( i-,114)ilo0Br 5 
in Acetoni trile . 
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but the visible bands were much sharper, and there was a shoulder 
at J22 nm. 
Oxopentabromomolybdate(V) Compounds 
195 
When (NH4)2Mo0Br5 was added to stock acetonitrile, a brownish 
white insoluble residue consisting almost entirely of ammonium 
bromide resulted. Approximately one mole of ammonium bromide 
residue resulted from each mole of (NH4) 2Mo0Br5 that reacted. 
(Ani1H) 2Mo0Br5 also reacted with acetonitrile to form an insoluble 
solid. The electronic absorption spectra of the solutions were 
the same as the spectra of solutions of the oxotetrabromomolybdate(V) 
compounds in acetonitrile. The spectrum of the solution resulting 
from the reaction of (NH4)2Mo0Br5 with acetonitrile showed only a 
slight decrease in intensity after standing for 2 days. The 
electron spin resonance spectrum of the solutj on, shown in Figure 
52 and in the Appendix, Table XLIII, consisted of a slightly 
distorted signal with an estimated g value of 1. 987 . 
Addition of (quinH)2Mo0Br5 to stock acetonitrile resulted in 
a solution that showed a different electronic absorption spectrum. 
The bands at J81 nm and 41J nm were less distinct, and there was 
a shoulder at 5JO nm (Figure 51 ) .  A fresh solution resulting from 
the addition of dipyH2MoOBr5 to stock acetonitrilc showed a 
spectrum similar to those shown by (NH4) 2Mo0Br5 and (ani1H)2Mo0Br5
. 
The white residue that resulted dissolved after about 1 hour after 
the solution was prepared. After standing for three days, the spectrum 
became the same as the (quinH)2MoOBr5 solution spectrum. 
Purified Acetonitrile Solutions 
All of the oxopentabromomolybdate(V) and oxotetrabromomolyb­
date(V) compounds showed the same electronic absorption spectrum 
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in purified acetonitrile . The spectra were similar to the spectrum 
of a stock acetonitrile solution of (cH3) 4NMo0Br4(H2
o) ( Figure 51) , 
except that the bands were more intense. Insoluble residues 
resulted when the oxopentabromomolybdate(V) compounds were added. 
The electronic absorption spectra of the solutions are given in 
the Appendix, Table XLIV . 
The electron spin resonance spectrum of the solution resulting 
from the addition of (NH4) 2Mo0Br5 to purified acetonitrile is 
shown in Figure 52 and in the Appendix, Table XLIII . It showed 
a signal with a g value of 1 . 991 and a shoulder at 3429 G, which 
was attributed to another signal with an estimated g value of 
1 . 986. 
Dimethyl Sulfoxide Solutions 
The dark brown solutions of oxobromomolybdate(V) compounds 
in dimethyl sulfoxide were very unstable, becoming colorless within 
an hour after preparation . Solutions of (NH4)2Mo0Br5 and 
( cH3) 4NMoOBr4(H2o) showed the same electronic absorption spectrum 
(Figure 53) . There were kmds at L�50 nm and 7L�5 nm and very strong 
absorption in the ultraviolet region. The spectra of the solutions 
are given in the Appendix, Table XLV. 
197 
Cl] 




















0 't o  � 
4 00 5 0 0  l,o o ,oo '/:>O 
Wavelength ( nm)  
Fir;urc  53 . El ecLron ic A bsor ption Spectrum or ( NHh) 2Mo0Br5 in Stock 
Dimethyl Sulfoxide . 
SOLID OXOMOLYBDATE(V) COMPOUNDS 
Infrar ed Absorption Spectra 
The infrared absorption spectra of the compounds prepared in 
this study are illustrated in the Appendix , Figures 66 to 80 , 
and are listed in Tab le XXX . The spectrum of a pure potassium 
bromid e pellet is shown in the Appendix , Figure 81 . 
The spectra of most of the compounds prepared in this study 
re sembled the spectra reported in the literature , showing terminal 
-1 -1 molybdenum-oxygen stretching bands between 940 cm and 1005 cm . 
The spectra of ( pyrHMo0Br4) n and ( quinHMoOBr4) n were different , 
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- 1  1 each showing a strong broad band at 878 cm , a shoulder at 8JO cm
-
and a very weak band at 974 cm -l (Appendix , Figures 74 , 75 and 76 ) .  
The spectrum of ( pyrHMoOBr4) n showed some dependence on how fine ly 
a sample was divided . If a sample was very finely divided , the 
-1  -1  974 cm band was more intense , and the shoulder at 8JO cm  was 
less prominent. The infrared absorption spectrum of the solid 
precipitated from a molybdenum ( V )  solution in ethyl ether was also 
different ,  showing three molybdenum-oxygen stretching bands at 
6 -1 -1  -1 9 4 cm , and 932 cm and 901 cm . 
The compound s that contain ed water showed oxygen -hydro�en 
-1 - 1  
stretching and bending vibrations at about J400 cm  and 1590 cm  . 
The infrared absorption spectrum of Mo4o4(oH) 4Br8 ( H20 )  was different 
6 -1  from the other spectra b ecause it showed a broad band at 7 4 cm 
TABLE XXX 
INFRARED ABSORPTION SPECTRA '° '° 
N-H N-H H-0-H H-0-H Mo 0 Oxobridge Mo-Br 
Compound str. bend str. bend str. str. str. 
(cH3)4NMoOBr4(H20) J
55Jw, sh 1590s 989vs a 
J460m, br 
(CHJ)JphenNMoOBr4(H20) J
560w, br 1587s 982vs a 
J452m 
( c4H9\NMo OBr4 J
440vw, br 1578vw 1005s 2 81s 
( pyrHMo OBr 4) n 




980w, sh 88Jvs, sh a 
(very finely divided.) 
974w 875vs 
294s 
( quinHMo0Br4\ 2700 J460vw, br 




3196s, br 1J96vs, br J490vw, br 16J5vw 979sh a 
972s 
(ani1H)2Mo0Br5 J058m, br 1560m J49
0vw, br 159Jvw 942s  a 
1540w, sh 
( quinH )2Mo0Br5 
27JOm, br 3400, br 982s, sh 
978s 
dipyH2MoOBr5 
2820m, br J480vw 977s 
Mo2o3Br4dipy2 
J470wv, br 960vs 




J450vw, br 962vs 
(From hydrobromic acid. ) 
940vw 
Mo20 4Br 2dipy 2 J
440vw, br 956vs 
940s 
Solid precip. fr. ethyl 2560m, br J420vw 964m 
ether soln. with dipy. 932s 
901s 
Mo4o4(oH ) 4Br8(H2o )  J
400w, br 1560w 952s, br 
(Nujol mull.) 916m , sh 
�There appreared to be a mo lybdenum-bromide stretching band below 260 cm 
-1 




















The infrared absorption spectra are described in more detail in 
the Discussion section. 
Diffuse Reflectance Spectra 
201  
The diffuse reflectance spectra of compounds prepared in this 
study are shown in the Appendix , Table XLVI. The band s given 
in the table are grouped into columns according to similarities 
in their shapes and positions ,  but no band assignments are given. 
Oxotetrabromomolybdate(V) Compounds 
The diffuse reflectance spectrum of ( cH
3
) 4NMo0Br4( H2 0 )  shown in 
Figure 54 ,  showed band s at 378 nm , 412 nm , 437 nm , 486 nm and 719 nm . 
The spectrum resembled the electronic absorption spectrum of a 
molybdenum ( V ) solution in concentrated hydrobromic acid , but the 
bands were not as sharp . It showed a shoulder at 437 nm that was 
not present in the hydrobromic acid solution spectra , and the 
positions of the two highest wavelength bands were different . The 




phenNMoOBr4( H20 )  was similar to that of 
( cH
3
) 4NMoOBr4( H20 ) . The spectrum of ( c4H9 ) 4NMo0Br4 was also the 
same , except for the different position of the 688 nm band. 
Oxopentabromomolybdate(V) Compounds 
The diffuse reflectance spectrum of (NH4) 2Mo0Br5 (Figure 54) 
showed three overlapping bands with similar inten sities at 360 nm , 
404 nm and 475 nm, plus a weaker band at 707 nm . Also present was 
a slight shoulder at 500 nm. The diffuse reflectance spectrum of 
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(ani1H)2Mo0Br5 was about the same as the spectrum of (NH4 ) 2Mo0Br5 • 
In contrast, the spectrum of (quinH) 2MoOBr5 was similar to the 
spectrum of (cH3 )4NMoOBr4(H2o ) . The spectrum of d ipyH2MoOBr5 was 
about the same as the spectrum of (quinH)2MoOBr5, except for the 
lowest wavelength band, which was a shoulder at 360 nm. 
Quinolinium Catena-�-oxo-tetrabromomol bdate V and 
Pyridinium Catena-�-oxo-tetrabromomol bdate V 
The d iffuse reflectance spectrum of a sample of (quinHMoOBr4) n 
that was not powdered (Figure 54) was intermediate in appearance 
between the spectrum of (NH4)2Mo0Br5 and that of (cH3 ) 4NMoOBr4(H2o ). 
It  showed bands at 386 nm, 433 nm, 474 nm, 515 nm and 855 nm. The 
855 nm band, in add ition to being at a much higher wavelength, 
was broader and more intense than the corresponding bands shown by 
(NH4)2Mo0Br5 and (cH3 ) 4NMo0Br4(H20 ) . 
The diffuse reflectance spectrum of a sample of (pyrHMo0Br4)n 
that was not powdered (Figure 55) ,  was similar to the diffuse 
reflectance spectrum of (NH4) 2Mo0Br5, except for the position and 
the greater intensity of the 852 nm band. A powdered sample of 
(pyrHMoOBr4)n showed a spectrum resembling that shown by 
(quinHMoOBr4 )n. But there were three indistinct bands at 339 nm, 
352 nm and 398 nm, instead of the single band at 386 nm shown by 
Tetraoxotetrahydroxooctabromoaguomo lybd enum(V) 
The diffuse reflectance spectrum of a sample of 
Mo4o4 (oH) 4Br8 ( H2o )  showed a broad band at 475 nm, s hould ers at 
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442 nm and 580 nm , and a very broad band at 1 157 nm. The spectrum 
of the compound is shown in Figure 55 . 
So lid Electronic Absorption Spectra 
Electronic ab sorption spectra of  oxomo lybdate ( V )  compounds 
in potas sium bromide pellets are given in the Appendix , Table XLVII . 
The band s are grouped into co lumns according to similarities in 
their shapes and po sitions . Absorbance value s are given in 
parentheses fo r mo st of  the band s . The absorbance values given 
are only rough approximations because the potassium bromide pellets 
showed wid e variations in transparency . Mo st of the spectra 
showed sharper band s than tho se shown by the diffuse reflectance 
spectra,  and the band po sition s were slightly different . 
Oxotetrabromomo lybdate(V) Compounds 
The so lid electronic abso rption spectrum of ( cH
3
) 4NMoOBr4( H2o )  
shown in Figure 56 ,  had a closer resemblance to the spectrum of a 
mo lydbenum ( V )  so lution in concentrated hydrobromic acid than did 
the diffuse reflectance spectrum . It showed bands at 247 nm , 
306 nm, 387 nm, 428 nm , 491 nm and 760 nm . The spectrum did not 
show the shoulder at 437 nm that was shown by the diffuse reflectance 
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saJlle as that of ( cH3) 4NMoOBr4 ( H2o ) ,  The spectrum of ( c4H9) 4NMoOBr4 
was also about the same,  except for the position of the 670 nm 
band and the slightly less prominent 428 nm band. 
Oxopentabromomolybdate(V) Compounds 
The solid electronic absorption spectra of ( NH4
) 2Mo0Br5 
(Figure 57) and ( ani1H) 2Mo0Br5 resembled the diffuse reflectance 
spectra of the compounds , though band positions were slightly 
different. The bands were also considerably sharper. The spectra 
were more similar to the electronic absorption spectra of solutions 
of the compounds in stock chloroform , than they were to the diffuse 
reflectance spectra. 
The solid electronic absorption spectrum of ( quinH )2MoOBr� 
(Figure 58) was considerably different from its diffuse reflectance 
spectrum , showing bands at 372 nm , 429 nm , 492 nm and ?JO nm. It 
was intermediate in appearance between the spectrum of (NH
4) 2
Mo0Br5 
and that of ( cH
3
) 4NMoOBr5 ( H20 ) .  The spectrum of dipyH2Mo0Br5 , 
shown in Figure 58, resembled the spectrum of ( quinH ) 2Mo0Br5, 
except for a shoulder at 372 nm. 
guinolinium Catena-�-oxo-tetrabromomol bdate V and 
Pyridinium Catena-�-oxo-tetrabromomol bdate V 
It was necessary to use thick potassium bromide pellets to 
obtain electronic absorption spectra of ( quinHMo0Br4
)n and 
(pyrHMoOBr4 ) n , because only pellets 
made from very dilute mixtures 
of the compounds in potassium bromide had sufficient transparency. 
\ 
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Solid Electronic Absorption Spectra of (PyrHMoOBr4) n . 
The low transparencies of the pellets caused the spectra to be 
more distorted than the spectra of most of the other compounds. 
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The solid electronic absorption spectrum of a coarsely divided 
sample of (quinHMoOBr4)n (Figure 59) resembled its diffuse 
reflectance spectrum, showing bands at J 87 nm, 422 nm, 458 nm, 
531 nm and 780 nm . When a sample of the compound was more finely 
divided, the peak at 458 nm was replaced by a shoulder at 470 nm, 
and the 780 nm band showed a blue shift to 720  nm (Figure 59 ) . 
This spectrum resembled the spectrum of ( cH
3
) 4NMoOBr4( H2o ) , but 
the bands were not as sharp . 
The solid electronic absorption spectrum of a sample of 
(pyrHMoOBr4)n that was coarsely divided (Figure 60) resembled 
the spectrum of (quinHMo0Br4)n . When the compound was very finely 
divided the spectrum shown in Figure 60 resulted. It resembled 
the solid electronic absorption spectrum of ( cH
3
) 4NMoOBr4( H20 )  more 
closely than did the spectrum of (quinHMoOBr4)n, but the band 
positions were considerably different. 
�-Oxo-bis(oxodibromo(2 , 2-dipyridyl)molydbenum(vD 
The solid electronic absorption spectra of the samples of 
Mo2o3
Br4dipy2 prepared in ethanol (Figure 61) and 5 M hydrobromic 
acid were about the same, but the band positions were slightly 
different .  The sample prepared in ethanol showed bands at 252 nm, 
305 nm, 365 nm, 422 nm, 540 nm, and 750 nm. In both spectra, the 
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Figure 61. Solid Electronic Absorption Spectra of Mo2o3Br4dipy2 (from 
Ethanol) and Mo2o4Br2dipy2. 
Di-p-oxo-bis [oxobromo(2, 2-dipyridyl)molybdenum(V)] 
The solid electronic absorption spectrum of Mo2o3Br2dipy2, 
(Figure 61) showed bands at 252 nm , 324 nm, 395 nm and 458 nm. 
Absorption above 350 nm was quite weak. The spectrum resembled 
the electronic absorption spectra of molybdenum(V) solutions in 
dilute hydrobromic acid. 
The Product Precipitated from a Molybdenum(V) Solution in 
Ethyl Ether 
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The solid electronic absorption spectrum of the impure product 
separated from a molybdenum(V) solution in ethyl ether by reaction 
with 2, 2-dipyridyl resembled the spectrum of Mo2o3Br4dipy2, except 
for much stronge r  absorption in the ultraviolet region. Two 
additional shoulders were present at 415 nm and 230 nm. 
Electron Spin Resonance Spectra of Solid Samples 
The electron spin resonance spectra of solid samples of 
oxobromomolybdate(V) compounds prepared in this study are shown 
in the Appendix , Table XLVIII.  The signals were generally much 
broader than those shown by the spectra of solutions of the 
compounds . Dilution in potassium bromide usually caused a signal 
to become sharper ,  and caused the g value to increase slightly. 
0xotetrabromoaguomolybdate(V) Compounds 
The electron spin resonance spectrum of (cH3) 3phenNMo0Br4(H2o) 
consisted of a weak, slightly distorted signal with a g value of 
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1. 988 (Figure 62) . The spectrum of (cH3) 3phenNMo0Br4
(H2o) 
appeared to consist of two intense overlapping signals with g values 
of 1 , 999 and 1. 962. The interpretation of the latter spectrum was 
based on the spectrum of (quinH) 2MoOBr5 , which is described below. 
Tetrabutylammonium Oxotetrabromomolybdate(V) 
The electron spin resonance spectrum of ( c4H9) 4NMoOBr4 
(Figure 62) showed an intense, sharp signal with a g value of 1. 960 . 
Overlapping it was a weak signal with an estimated g value of 1. 996 . 
One tenth dilution of a sample in potassium bromide caused the 
weaker signal to disappear, but the strong signal showed little 
change . 
Oxopentabromomolybdate(V) Compounds 
The electron spin resonance spectrum of ( NH4) 2Mo0Br5 showed 
a single strong, rather broad signal with a g value of 1. 981 
(Figure 62) .  As was observed in the chloroform-ethanol solution 
spectra ,  the signal was more symmetrical than that shown by 
(cH3) 4NMoOBr4(H2o) .  The spectrum of ( ani1H) 2Mo0Br5 also showed 
a rather strong ,  symmetrical signal, but it was considerably 
broader. Dilution of the compound in potassium bromide did not 
cause the signal to change significantly. The spectrum of 
dipyH2MoOBr5 showed a very broad signal with a g value of 1.969. 
The electron spin resonance spectrum of ( quinH)2MoOBr5 
consisted of two overlapping signals similar in appearance to those 
in the spectrum of ( CHJ)JphenNMoOBr4
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Figure 62. Electron Spin Resonance Spectra of Unaltered So lid 
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Figure 63 . Electron Spin Resonance Spectra of Solid ( QuinH ) 2MoOBr5
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Figure 64 .  Ele ctron Spin Resonance Spectrum of Solid 
Mo2o3
Br
4dipy2 from Hydrobromic Acid . 
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of the roughly disk shaped crystals caused the relative intensities 
of the two signals to change. The g values and shapes of the 
signals were determined by comparing the different spectra 
obtained at different orientations, two of which are shown in 
Figure 63. The g values of 1 , 996 and 1. 959 were close to those 
Quinolinium Catena1'-oxotetrabromomol bdate V and 
Pyrdinium Catena-�-oxo-tetrabromomol bdate V 
The electron spin resonance spectrum of (quinHMo0Br4) n was 
broad and extremely weak, with an estimated g value of 1 . 991. The 
spectrum of a sample of (pyrHMoOBr4)n that had not been powdered 
consisted of a weak , very broad, signal (Figure 62 ) .  The g value 
was uncertain because the signal was highly distorted. If the 
signal was centered at the point of maximum slope, the g value 
would be 1.932. If a point equidistant between the positive and 
negative maxima of the signal was chosen as the center, the g 
value would be 1. 966 . Grinding the sample into a fine powder 
resulted in a more intense and more symmetrical signal with an 
estimated g value of 1 , 933 (Figure 63 ).  Dilution in potassium 
bromide caused the compound to show a broader, more symmetrical 
signal, with an estimated g value of 1 . 983. 
Other Compounds 
The electron spin resonance spectrum of Mo404(0H)4Brg(H20 ) 
showed a single, very weak signal with an estimated g value of 
1. 988 . The dioxobridged compound, Mo2o4Br2dipy2 , showed a very 
weak signal with an estimated g value of 1. 976 , A sample of the 
monoxobridged compound separated from hydrobromic acid , 
Mo2o3
Br4dipy2 , showed a moderately intense spectrum. No attempt 
2M 
was made to determine g values for the spectrum because of its 
complex symmetry. It  appeared to consist of two or more broad , 
overlapping signals. The spectrum is shown in Figure 64. The sample 
of Mo2o3
Br4dipy2 prepared in ethanol showed an extremely weak signal 
at about 3316 G. 
DISCUSSION 
INTRODUCTION 
Previous studies of molybdenum ( V )  solutions in hydrobromic 
acid indicate that a considerable number of different moly bdenum( V) 
species are present . Most workers agree that the changes in 
composition that result from a decrease in the acid concentration 
are caused by the replacement of coordinated bromide ions by 
water molecules . Some of the coordinated water molecules are 
believed to then be deprotonated , forming oxobridged or 
hydroxobridged dimers or tetramers . Previous work has also 
indicated that molybdenum ( V )  species in hydrobromic acid have a 
greater tendency to polymerize than the analogous species in 
hydrochloric acid . 
Beyond the above general conclusions , there is considerable 
disagreement concerning the identities of the different 
molybdenum ( V )  species . Different methods have been used to study 
the solutions , using electronic absorption spectra , electron spin 
resonance spectra and magnetic susceptability studies . The 
conclusions concerning the structures of the different molybdenum ( V )  
species that were made in these studies are in many ways contra­
dictory . The purpose of this study is to resolve the contra­
dictions and propose a system of equilibria that is consistent with 
all available data . 
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One area in which there is disagreement concerns whether 
the molybdenum ( V )  species predominant in concentrated hydrobromic 
acid is the [Mo0Br4 ( H20 )] 
- anion , the [MoOBr 
5
r2 anion, or a spe cies 
with a different structure . The rather limited information 
available concerning the electronic absorption spectra and 
electron spin resonance spectra of the oxopentabromomolybdate( V )  
and oxotetrabromomolybdate( V )  compounds made it necessary to 
prepare a number of these compounds . The infrared absorption 
spectra , diffuse reflectance spectra , solid electronic absorption 
spectra in potassium bromide pellets and electron spin resonance 
spectra of the compounds were recorded. An attempt was then made 
to find a solvent in which the compounds would dissolve without 
being altered , so that the more useful electronic absorption 
spectra and electron spin resonance spectra of the compounds in 
solution could be obtained . A few other rnolybdenum ( V )  compounds 
were prepared in the hope that they would provide evidence 
concerning other molybdenum ( V )  species present in hydrobromic 
acid. 
Another characteristic of molybdenurn( V )  solutions in both 
hydrobromic acid and hydrochloric acid that is generally accepted 
is the dependence of some of the species on the molybdenurn( V )  
concentration . But no work has been done to study the concentra­
tion dependence of these solutions over the full range of acid 
concentrations . Because of this , it was necessary to obtain 
electronic absorption spectra and electron spin resonance spectra 
over a wide range of hydrobromic acid and molybdenum ( V )  concen­
trations. This was also necessary because electronic absorption 
spe ctra of very concentrated hydrobromic acid solutions have not 
been reported previously. 
Another problem that came up in this study concerns the 
relationship between molybdenum( V )  spe cies in hydrochloric acid 
and hydrobromic acid solutions . Some molybdenum ( V )  species in 
hydrochloric acid that show a similar dependence on the acid and 
molybdenum ( V )  concentration have been assigned much different 
structures , sometimes by the same workers. Most of these 
contradictions can be traced to the generally held assumption 
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that the [MoOc 1
5
1 2- anion is predominant in concentrated hydro­
chloric acid. I t  will be shown below that there is little concrete 
evidence to support this . 
Molybdenum ( V )  solutions in ethanol-hydrogen bromide and ethyl 
ether were found to contain molybdenum ( V )  species analogous to 
those present in hydrobromic acid solutions. The slightly 
different behaviors of the species in the nonaqueous solutions 
were studied in the hope of obtaining more eviden ce con cerning 
their structures. The solutions were also used to confirm the 
electronic absorption spectra and electron spin resonance of 
certain molybd enum ( V )  species that are not clearly shown by the 
hydrobromic acid solution spectra. Some  evidence con cerning 
what drives the equilibria between molybdenum ( V )  species in 
hydrobromic acid was also obtained from studying these solutions. 
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MOLYBDENUM(V) SPECIES IN HYDROBROMIC ACID 
The structures proposed in this study for the molybdenum ( V )  
species in hydrobromic acid are based primarily on comparisons 
of the electronic absorption spectra and electron spin resonance 
spectra of hydrobromic acid solutions with those of molybdenum( V )  
compounds prepared in this study or reported in the literature . 
The electron spin resonance spectra also provide direct evidence 
concerning the symmetries of some of the molybdenum ( V )  species . 
The structures proposed for the different species are supported 
by comparisons of the equilibria proposed in this study with the 
results of equilibrium studies reported in the literature . 
The conditions favoring the molybdenum ( V )  species in hydro­
bromic acid and their electronic absorption spectra· and electron 
spin resonance spectra are listed in Table XXXI . The proposed 
structures of molybenum(V )  species in 6 X 10-J M and O . J M 
molybdenum ( V )  solutions and the equilibria involved are given 
in Tables XX.XII  and XXXIII , respectively . 
I t  should be noted that the g values given for the elctron 
spin resonance spectra are only approximate . They are expressed 
to four places only to differentiate between the quite closely 
spaced signals shown by the different molybdenum ( V )  species . 
70 The values given by Marov, et al . for the signals they observed 
are probably more accurate, because the workers used curve 
analysis to determine the centers of the signals . 
TABLE XXXI 
PROPERTIES OF THE DIFFERENT MOLYBDENUM(V) SPECIES IN HYDROBROMIC ACID 
Approx. 




Mo �V= Cone. Band Waveleng!_hs g_ value 
A 5 , 4  M - 13 , 5 M All 243 290 3 76 414 473 693
a 1. 993 
B 13. 4 M 1. 5 X 10-.5 M 27.5 3 7.5sh 406 475sh rv 700?
a may be 
active 
C 4. 9 M - 11. 9 M All 2.50 299 3 70 408 470sh 682
a 1 . 987 
D 4. 9 M - 7.6 M ) 6  X 10-
4 M 3 73 4.50 719a 1.990 
0 , 3  M 3 72 465 715
a 
E 4.9 M - 6 .8 M 0 , 3 M unknown 1. 983 
F 2. 8 M - 6 M All 250 299 ,._3 70 470sha diamagnetic 
G 1. 8 M - 5 M All
b 253 295 383a 475sha diamagnetic 
H Low - 2.8 M Allb 254 294 383
a 475sha diamagnetic 
I 1.8 M 6 X 10-5 M 261 Absorption in visibile region, if unknown 
any was too weak to record 
J Low All Strong absorption below 230 nm probably 
diamagnetic 
K Low ( air free ) Unknown, probably same as Species I probably 
diamagnetic N 
�xtinction coefficient less than 100. 
bExcept for conditions in which Species B ,  D ,  or I are predominant. 
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The molybdenum atoms in all of the molybdenum(V) species in 
these solutions are assumed to be octahedrally coordinated, 
because the molybdenum atom is octahedrally coordinated in most 
molybdenum(V) compounds. Only a few molybdenum(V) compounds with 
bulky organic groups have a single position opposite the terminal 
molybdenum-oxygen bond that is · vacant. In a solution with an 
abundance of water molecules that can serve as ligands, it is 
unlikely that any of these positions would be vacant. 
Species A 
Structure Proposed in this Study 
The single signal shown by the electron spin resonance 
spectrum of a molybdenum(V) solution in 13.5 M hydrobromic acid 
(Figure 34 , page 135 )  indicates that only one paramagnetic 
molybdenum(V) species is present. The estimated g value is 1. 993 , 
close to the values given by Dowsing and Gibson77 and Marov, 
et ai . 70. The workers concluded from the slightly distorted 
symmetry of the signal that the species, designated Species A in 
this study, has axial symmetry. They also came to the same 
conclusion concerning the spectrum of the analogous molybdenum(V) 
species in concentrated hydrochloric acid. 
A comparison of the electronic absorption spectra of Species 
A with the solid and chloroform solution spectra of different 
molybdenum( V) compounds indicates that it has a s tructure like 
that of the [Mo0Br4(H2
0 � - anion. The much different spectra 
shown by ( NH4) 2Mo0Br5 and (ani1H) 2Mo0Br5 indicate that the 
[Mo0Br
5
1 2 - anion is not present in concentrated hydrobromic 
acid . This is also indicated by a comparison of the Species A 
electron spin resonance spe ctrum with the spectra of stock 
chloroform-ethanol solutions of the compounds prepared in this 
study. 
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The [Mo0Br4( H2o �  - anion appears to have a molecular orbital 
system resembling that proposed for the [MoOc1
5
J2 - anion in Figure 
1 , page 12 , But the higher wavelengths of the bands shown by 
the anion suggest that there is also weak TI bonding involving 
d b · t  1 th 1 bd d b  · d  · 
19 
or l a s  on e mo y enum an romi e ions . 
Studies by Allen and Neurnann75 and Jezowska-Trzebiatowska 
and Rudolf72 indicate that Species A may be a dimer when the 
molybdenum ( V )  con centration is 1 X 10 -4 M or greater , and a 
tetramer when the con centration is O . J M .  Evidence for a dimeric 
structure is provided by a comparison of the magnetic suscepti­
bility values53 and the electron spin resonance spectra of 
concentrated hydrobromic acid and hydrochloric acid solutions . 
The magnetic susceptibilities of concentrated hydrobromic acid 
solutions are slightly greater than those of hydrochloric acid 
solutions ,  but the electron spin resonance spectrum of a 9. 4 M 
hydrobromic acid solution is considerably weaker than the spectrum 
of a molybdenum ( V )  solution in 9 , 1  M hydrochloric acid . This 
suggests possible intramolecular interactions involving the 
normally unpaired d ele ctrons in a dimeric molybdenum ( V )  spe cies . xy 
-- -- ---
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An equilibrium between monomeric and dimeric forms of Species 
A in concentrated hydrobromic acid is suggested by the dependence 
of the Species A electron spin resonance spectrum on the 
molybdenum (V ) concentration . When the molybdenum ( V )  concentration 
in concentrated hydrobromic acid is 6 X 10-J M or higher , the half­
width of the Species A signal is smaller than that shown by a 
solution o f  ( cH
3 ) 4NMoOBr4( H2o) in a chloroform -ethanol solution. 
Further dilution of the solution to 2 X 10-J M results in a 
broader , more intense spectrum that is more like the solution 
spectrum of ( cH
3 ) 4
NMo0Br4( H20 ) . 
The dependence of the 472 nm band on the molybdenurn ( V ) 
concentration in concentrated hydrobromic acid also supports the 
suggestion that Species A has a tendency to polymerize. As was 
indicated in the Results Section , it is more intense when the 
molybdenum ( V )  concentration is low. The 472 nm band shown by 
Species A is attributed to a transition from a terminal molybdenum­
oxygen TI bond to the d orbitai ,
19 ' 25 indicating one or both xy 
may be altered in some way. Species A may have less of a tendency 
to be a dimer at lower acid concentrations , but this can not be 
determined easily because these solutions also contain other 
rnolybdenum ( V )  species. 
The only dimeric structure for Species A that appears to 
be feasible is an axially monoxobridged one. It is shown below 
that ( pyrHMoOBr4) n 
has this kind of structure. The electronic 
absorption spectrum o f  a finely divided sample of (pyrHMoOBr4) n 
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indicates that the presence of an axial monoxobridge does not 
have a great effect on the spectrum . This type of structure seems 
most likely ,  because any other conceivable oxobridged or hydroxo ­
bridged structure would be expected to have a much different 
electronic absorption spectrum . The electron spin resonance 






2 - I 
Q 0 
l l  
0 MoBr4 MoBr4 
l l  I 
4 MoBr4 -2H 0 2 0 -H20 
0 2 
I l 1 1  
H2o MoBr4 I 
MoBr4 l 
H2o H20 
( 6  X 10 -5 M )  ( 6  X 10 -J M) ( o . J M )  
The weaker absorptio n  at 472 nm shown by the dimeric and 
tetrameric forms of Species A may result from changes in both the 
terminal molybdenum-oxygen TT bond , and the nonbonding d o rbital . xy 
It is likely that the molybdenum-oxygen TT bonds are affected in 
some way when an oxobridge is formed . There might also be weak 
TT interactio ns between a bridging oxygen and an adjacent d xy 
orbital . Interactions with the d orbital are also indicated by xy 
changes in the electron spin resonance spectrum of Species A, 
because the d orbital is believed to contain the unpaired xy 
electron .
19 ' 25 
Structures Proposed by Other Workers 
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Previous studies of molybdenum(V) solutions in hydrobromic 
acid have led to a number of different conclusions concerning the 
structure of Species A. It is unlikely that the rather improbable 
structures proposed by Allen and Neumann75 (page 46) and 
Jezowska-Trzebiatowska and Rudolf7
2 (page 60) would show the same 
electronic absorption spectrum that the [Mo0Br4(H20� 
- anion 
shows. 
The conclusion of Wendling67 that Species A is the (MoBr6] 
-
anion was based on the electronic absorption spectrum of a formic 
acid-hydrogen bromide solution that had a molybdenum to bromide 
ratio of 1 to 6. But it is not reasonable to assume that all 
of the bromide ions present in such a solution have to be 
coordinated to molybdenum atoms . The low concentration of water 
in the solution would probably allow some free bromide ions to be 
present . The molybdenum to bromide ratios proposed by Wendling 
for the other molybdenum(V) species in hydrobromic acid are 
probably invalid for the same reason. 
In a study using electron spin resonance spectra of molybdenum(V) 
solutions in hydrobromic acid, Dowsing and Gibson77 concluded that 
Species A has a structure similar to the analogous species in 
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hydrochloric acid . This was indicated because they both showed a 
similar dependence on the acid concentration . The workers concluded 
that Species A is the (Mo0Br
5J
2 - anion , because , like most workers , 
they assumed that the [MoO C15 ]
2 - anion is the predominant s�ecies 
in concentrated hydrochloric acid . Hyperfine structure caused by 
TI bonding was recognized by Dowsing and Gibson , but there was no 
hyperfine structure caused by TI bonding with an axial bromide ligand. 
The workers suggested that strong TI bonding with the terminal oxygen 
prevents TI bonding with the axial bromide ligand . Marov , et a1 . 70 
were in agreement with these conclusions . They suggested that the 




anion probably causes it to show an electron spin resonance spectrum 
similar to that of the [Mo0Br4( H2o ) J - anion . A comparison of the 
spin relaxation times of acid solutions caused them to conclude that 
Species A and the analogous molybdenum ( V )  species in hydrochloric 
acid have similar structures . 
The results obtained in this study indicate that some of the 
conclusions made by the above workers are in error . The electron 
spin resonance spectra of the [Mo0Br
5
]
2 - and (Mo0Br4(H2o ]- anions 
are shown in this study to be significantly different. Evidence is 
given below that the different spectrum shown by the (Mo0Br
5
] 2 - anion 
is probably caused by TI bonding with the axial bromide ligand . 
Instead of indicating the presence of the [Mo0Br
5
] - anion in 
concentrated hydrobromic acid , the results reported by the above 
workers suggest that the [Mo0Br4( H2o ) ] - and (MoOC14(H2o )J - anions 
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are predominant in concentrated hydrobromic acid and hydrochloric 
acid solutions . 
The molybdenum ( V )  species predominant in concentrated 
hydrochloric acid has generally been assumed to be the [Moo c 15]
2 -
anion because most of the oxomolybdate( V )  compounds separated 
from concentrated hydrochloric acid are oxopentachloromolybdate( V )  
compounds . The several different types of compounds precipitated 
from concentrated hydrobromic acid demonstrate that this can not 
be assumed . 
Another reason for concluding that the species predominan t  
in concentrated hydrochloric acid is the [Mooc1
5
]
2 - anion is the 
reported sim ilarity of its electronic absorption spectrum to the 
spectra of oxopentachloromolybdate( V )  compounds . But work by  
Horner and Tyree93 and Brisdon , et al . 17-19 indicates that the 
removal of one ,  two , or even three chloride ions from the [Mooc15]
2 -
anion has l ittle effect on its spectrum . The spectra of these 
compounds are not illustrated in the reports made by the above 
workers , but the band positions are about the same , and the spectra 
are described as being similar . No report has been found in the 
l iterature in which the structure of the mo�ybdenum ( V )  species 
in concentrated hydrochloric acid was determined by a comparison 
of its electronic absorption spectrum with the spectra of 
oxotetrachloromolybdate( V )  and oxopentachloromolybdate( V )  
compounds . The above observations provide further evidence 
that the molybdenum ( V ) species predominent in concentrated 
hydrochloric acid may be the fMoOC14( H2o ) ] - anion , instead of the 
(MoO C1
5
] 2 - anion . 
Species B 
The electronic absorption spectrum of Species B ,  shown only 
by a 1 . 5 X 10 -5 M molybdenum( V) solution in lJ . 4  M hydrobromic 
acid , has not been reported previously . The spectrum ,  with bands 
at 275 nm , 375 nm , 406 nm , and 475 nm , indicates that Species B 
has a molecular orbital system that is different from that of 
Species A .  The spectrum of an analogous molybdenum ( V )  species in 
ethanol -hydrogen bromide indicates that it may also absorb near 
718 nm . The only evidence concerning the structure of Species B 
comes indirectly from work done with anhydrous ethanol -hydrogen 
bromide and ethanol -hydrogen chloride solutions . 
The electronic absorption spectrum of a molybdenum( V )  
solution in 6 M anhydrous ethanol -hydrogen bromide indicates that 
the species present probably has a structure resembling that of 
Species B .  The species in the ethanol -hydrogen bromide solution , 
in turn , probably has a structure like that of tetraethylammonium 






) 2 , which 
has been separated from an anhydrous ethanol -hydrogen chloride 
solution . 27 A very unstable compound that is believed to have a 
similar structure has been separated from an ethanol -hydrogen 
bromide solution . If Species B has a structure analogous to the 
2Jl 
structures o f  these compounds , it could be the [Mo (OH) 2Br41 -
anion . Because o f  the scarcity o f  data , no firm conclusion can 
be made concerning the structure of Species B .  
If the proposed structure is co rrect , Species B probably 
has an electronic structure resembling that of potassium 
hexachlo romolybdate( V ) , KMo c 16 , which shows bands at 243 nm , 
274 nm , 305 nm , 354 nm and 415 nm .
94 The higher wavelengths o f  
the Species B bands might result from weak TI bonding with the 
ligands, as in the oxobromomolybdate(V )  compounds .  
Species C 
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The presence of Species C in hydrobromic acid solutions is 
clearly indicated by the electron spin resonance spectra . Species 
C shows a rather broad , disto rted signal with an estimated g value 
of  1 . 988 . Dowsing and Gibson77 and Marov, et ai . 70 concluded 
from the shape o f  the signal that Species C has less than axial 
symmetry , and assigned g values o f  1 . 975 and 1 . 984 ,  respectively . 
The g value given by Marov , et ai . 70 is probably more accurate 
because a curve analysis was used to subtract the Species A 
contribution from the electron spin resonance spectrum . Species C 
is indicated by the electron spin resonance spectra obtained in 
this study to be present in 5 . 4  M to 11 . 4  M hydrobromic acid . It 
is most abundant in 6 M to 6 . 8 M acid when the mo lybdenum (V ) 
concentration is 6 X 10-J M or less . 
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When the acid concentration is reduced below 9 . 4  M ,  the 
formation of Species C causes a significant change in the electronic 
absorption spectrum . The 414 nm band becomes less intense , the 
472 nm band becomes a shoulder , and the 698 nm band shows a blue 
shift. The 375 nm band intensity does no t change when the 
molybdenum ( V )  concentration is low , indicating that Spedes A 
and C show similar bands at 3 75 nm . The dependence of Species C 
on the acid concentration at higher molybdenum (V ) concentrations 
can not be detennined easily because of the presence of Species D ,  
which is discussed below. The visible spectrum of a 6 X 10
-5 M 
molybdenum ( V )  solution in 5 . 4  M hydrobromic acid (Figure 35 , 
page 135 ) appears to be mostly attributable to Species C ,  because 
the other molybdenum (V )  species present do not absorb strongly 
in the visible region . Wendling7 6 noted the presence of  Species C 
from the electronic absorption spectra , but Allen and Neumann 
did not . 75 The latter workers may not have obtained enough spectra 
of mo lybdenwn( V )  solutions in 6 M to 8. 8 M hydrobromic acid to 
allow them to identify the Species C spectrum . 
The structure of Species C is proposed to be [Mo0Br3 ( H2o ) 2J
0 , 
in agreement with Marov , et ai . 70 The presence of three 
coordinated bromide ions seems most likely because Species C is 
the first mo lylxienum ( V )  species to appear when the hydrobromic 
acid concentration is reduced below 13. 5 M. The structure has 
less than axial symmetry , as was indicated by the electron spin 
resonance spectra . 70 ,  7? No compound with this structure has 
been isolated , but the spectrum of a related compound, 
Mo0Br3dip?
0, indicates that the removal of one bromide ion does 
not cause a great change in the electronic absorption spectrwn . 
2J4 
A comparison of the electronic absorption spectra of Species 
A and Species C in hydrobromic acid provides evidence supporting 
the structure proposed for Speci es C .  The 375 nm band , which does 
not change, is attributed to a transition from the terminal 
molybdenum-oxygen TI bonds to one of the molybdenum-bromide u* 
antibonds. 19, 25 The failure of this band to show a significant . 
change indicates that the replacement of an equatorial bromide 
ion does not affect the terminal molybdenum-oxygen TI bonding 
orbitals to any great extent. The 416 nm band is attributed to a 
transition involving the terminal molybdenum-oxygen TI bonding and 
antibonding orbitals . 19, 25 The decrease in the band intensity 
that results from the loss of an equatorial bromide ion may be 
caused by a decrease in interaction between the TI antibonds and 
d orbitals on the bromide ligands . The two highest wavelength 
bands are probably altered because they are both associated with 
the nonbonding d orbital. I t  has been indicated above that  the xy 
d orbital is probably affected by weak TI bonding with the xy 
coordinated bromide ligands . 
The electron spin resonance spectra indicate that when the 
molybdenum (V ) concentration is increased above 6 X 10-J M, the 
concentration of Species C relative to that of Species A decreases. 
This suggests that Species C is a monomer in equilibrium with the 
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dimeric form of Species A. The electronic absorption spectra and 
electron spin resonance spectra indicate that when the molybdenum(V) 
concentration is less than 6 X 10-3 M ,  the concentration of Species 
C is relatively independent of the molybdenum(V) concentration. 
This suggests an equilibrium between a monomeric Species C and a 
monomeric Species A in the more dilute solutions. A monomeric 
Species C is also suggested by its electron spin resonance spectrum, 
which is considerably more intense than that shown by Species A. 
Species C in hydrochloric acid has not been detected using 
electronic absorption spectra68, probably because its spectrum is 
similar to that of Species A. The only indication of its presence 
in hydrochloric acid is from the low temperature electron spin 
70 resonance spectra reported by Marov , et al� It appears to have 
the same dependence on the acid concentration that Species C in 
hydrobromic acid has. It  probably has a structure similar to 
that of Species C in hydrobromic acid, as was concluded by the 
above workers. 
Species D 
Electron Absorption Spectra 
The electronic absorption spectra indicate that Species D 
is present in 4. 9 M to 7 . 6 M hydrobromic acid when the moly1xlenum(V) 
concentration is 6 X 10-3 M or higher, showing a maximum concen­
tration in 6 . 1 M acid. Its appearance is indicated by decreases 
in the intensities of the 375 nm and 414 nm bands, and increased 
absorption at 450 nm and 719 nm. The exact positions of the two 
. D b  � Species ands were determined from the spectra of J X 10  M 
2J6 
molybdenum(V) solutions in 5. 4 M and 6. 1  M hydrobromic acid. Allen 
and Neumann75 and Wendling76 have also attributed these bands to 
Species D. It is shown below that the Species D spectrum may 
also show a weak band near J 74 nm. 
At molybdenum(V) concentrations below 6 X 10-J M, the Species 
D spectrum is less apparent, and it does not appear to be present 
at all when the molybdenum(V) concentration is 6 X 10-5 M. The 
dependence of Species D on the molybdenum(V) concentration 
indicates that it is probably a dimer, in equilibrium with a 
monomeric Species C, and the monomeric and dimeric forms of 
Species A. 
The changes in the Species D spectrum that result when the 
molybdenum(V) concentration is increased from J X 10-2 M to O.J M 
in 6. 1  M hydrobromic acid indicate the formation of a molybdenum(V) 
species with a structure slightly different from that of Species D. 
The species shows bands at 465 nm and 715 nm when the molybdenum(V) 
concentration is O. J M. The species is probably a tetrameric 
form of Species D ,  because a magnetic susceptability study by 
Jezowska-trzebiatowska and Rudolf7
2 in O. J M molybdenum ( V) 
solutions has indicated this to be the case. 
The dependence of Species D on the molybden1:1J11 (V) concentration 
in hydrobromic acid was compared in this study to that reported 
by Haight68 for the analogous species in hydrochloric acid, using 
23 7 
electronic absorption spectra . To do this , it was necessary to 
estimate the Species D band intensities by subtracting the 
contribution by Species A and C at 450 nm and 719 nm . Haight
68 
used a similar method to determine the Species D dependence on 
the molybdenum(V) concentration in hydrochloric acid. The 
spectrum of the species in hydrochloric acid is about the same as 
in hydrobromic acid , showing bands at 450 nm and 730 nm. 
'.J:'he ratios E 719/€3 74 and t.45 0/E.374 for Species A and C were 
determined using the 6 X 10-4 M and 6 X 10-5 M solutions , 
respectively , in 6. 1 M hydrobromic acid. The Species D contri­
bution to these spectra was assumed to be insignificant. The 
contribu tion of Species A and C at 450 nm and 719 nm in each of 
the hydrobromic acid solution spectra was then calculated by 
multiplying the above two ratios by the molar extinction coefficient 
of the 3 74 nm band in the spectrum. Because the relative con­
tributions of Species A and C could not be determined easily , the 
molar extinction coefficients at 374 nm , 450 nm and 719 nm were 
assumed to be independent of the relative concentrations of the 
two species. This was a fair approximation of what is actually 
observed. The 3 74 nm band was assumed to be entirely attributable 
to Species A and C, because Species D absorbs only weakly at that 
position. 
In the electronic absorption spectra of the more concentrated 
molybdenum(V) solutions ,  the estimated degree of end absorption 
by the 450 nm band at 374 nm was subtracted from the recorded 
intensity of the band before the Species A and C contributions 
were calculated. The intensity of the 414 nm band shown by these 
solutions was estimated in a similar manner . Calculations are 
shown in the Appendix, Table XLIX . Further refinement of the 
results , as was done by Haight68 did not seem worthwhile because 
of uncertainty concerning the relative concentrations of Species 
A and C .  
The dependence of the Species D bands ( 450 nm and 419 nm ) 
and the Species A and C bands ( J75 nm and 419 nm) on the 
molybdenum (V)  concentration in 6. 1 M hydrobromic acid are plotted 
in Figure 65. The dependence of the 450 nm band on the 
molybdenum (V) concentration in 5 M hydrochloric acid68 is also 
shown. A semilog scale is used to show the full range of 
molybdenum (V)  concentrations more clearly . 
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The 450 nm and 719 nm band intensity curves shown by Species D 
in hydrobromic acid correspond fairly well  to the 450 nm ban d 
intensity curve shown by the analogous species in hydrochloric 
acid . This indicates that the analogous molybdenum (V) species 
in hydrobromic acid and hydrochloric acid probably have similar 
structures. The dependence of Species D on the molybdenum (V) 
concentration in hydrochloric acid indicated to Haight68 that it 
is a dimer in equilibrium with a monomeric Species A. The 450 nm 
and 719 nm curves shown by the hydrobromic acid solutions in 
Figure 65 also seem to indicate a monomer-dimer equilibrium when 
-2 the molybdenum( V) concentration is J X 10 M or less . This 
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indicates that Species A may have less of a tendency to polymerize 
than it does in more concentrated acid . The breaks in the curves 
that occur at higher molybdenum(V) concentrations are probably 
due to the presence of dimeric or tetrameric forms of Species 
A and D. 
Figure 65 indicates that when the molybdenum(V) concentration 
is increased from J X 10-2 M to 0. J M, the J74 nm band decreases 
in intensity, but not to the extent that the 414 nm band does. 
Species D may show a weak band near J74 nm, because the electron 
spin resonance spectra (discussed below) demonstrate that this 
change can not be attributed to an increase in the abundance of 
Species C .  
Electron Spin Resonance Spectra 
The electron spin resonance spectrum of Species D in a 0 . J M 
solution in 6 M hydrobromic acid indicates that it is by far the 
most abundant paramagnetic molybdenum(V) species in the solution. 
It shows a weak symmetrical signal with a g value of 1. 991. At 
lower molybdenum(V) concentrations, the g value is 1 , 990 , providing 
further evidence that Species D has both a dimeric and a tetrameric 
form . The very weak hyperfine structure may result from a rapid 
exchange of spins by the unpaired electrons on adjacent molybdenum 
atoms in Species D .  The electron spin resonance spectrum of 
Species D shows a dependence on the molybdenum(V) concentration 
that is comparable to that shown by its electronic absorption 
spectrum. 
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Species D has been indicated to be paramagnetic, 7
0, 77 but 
its electron spin resonance spectrum has not been identified 
previously. Dowsing and Gibson77 did not observe any signal that 
they could attribute to Species D, and Marov, et al�7o apparently 
assigned the shoulder at J441 G to it . It will be shown below 
that the shoulder can be attributed to a different molybdenum(V) 
species. The Species D signal was probably not observed previously 
because the molybdenum(V) concentrations that were used were too 
low to prevent the much more intense Species A and C signals from 
covering it. The electron spin resonance spectrum of the analogous 
molybdenum(V) species in hydrochloric acid has not been reported , 
probably for the same reason . It is also believed to be 
paramagnetic . 69, ?0, ?? 
Structure of Species D 
The two forms of Species D in hydrobromic acid are concluded 
to have dihydroxobridged structures because their electronic 
absorption spectra show the same bands as the spectra of ammonium 
di-µ-hydroxo-bis [ oxodihydroxobromomolybdate(v)) , 
(NH4) 2Mo2o2 ( oH)2Br2 (oH) 4, and ammonium di-�-hydroxo­
bis [oxohydroxodibromomolybdate(v )J , (NH4) 2Mo2o2 (0H) 2c14(oH) 2. 
The compounds are paramagnetic, as is Species D in both hydrobromic 
acid?O, 77 and hydrochloric acid.69, 77 The molecular orbital 
system proposed for these compounds by Jezowska-Trzebiatowska 
and Rudolf34 (Figure 4, page 20) indicates that there is a weak 
metal-metal u bond that results from overlapping of the unpaired 
d orbitals . The workers attributed the paramagnetism of these xy 
compounds to a low energy triplet state that the d electrons xy 
occupy for a significant part of the time. The near absence of  
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hyperfine structure in the electron spin resonance spectrum of 
Species D may result from the rapid exchange of electrons through 
the metal-metal u bond. If this is the case, the weak 
spectrum indicates that the electrons are in the singlet state 
most of the time. 
The proposed structures of the dimeric and tetrameric forms 
of Species D are shown below. The formation of Species D 
probably results from the removal of a bromide ion and a hydrogen 
0 
6 M HBr 
> 
0 
ion from Species C. The analogous molybdenum( V) species in 
hydrochloric acid probably has a structure similar to that o f  the 
dimeric Species D. The molybdenum to bromide ratio of 1 to 2 
in Species D is supported by the structure of Mo2o3Br4dipy2, 
which is precipitated from a concentrated molybdenum(V) solution 
in 5 M hydrobromic acid. The reaction forming this compound may 
be that shown below .  
The re�ults o f  a spectrophotometric study caused Haight6 8 to 
conclude that the conversion of  Species A to Species D in hydro ­
chloric acid causes 2 hydrogen ions and two chloride ions to be 
released . In the system propo sed in this study , this occurs when 
Species C is converted to Species D .  Haight may have been o bserving 
the equilibrium between Species D and Species C ,  instead of between 
Species D and Species A ,  since the spectra of  Species A and C in 
hydrochloric acid appear to be similar. 
An equilibrium study by Jezowska-Trzebiatowska and Rudo lf71 
led them to the conclusion that Species D in hydrochloric acid 
has an ionic dihydroxobridged structure that resembles the dimeric 
structure propo sed in this study ( page 42 ). No structure was 
propo sed by these workers for Species D in their equilibrium 
study of hydrobromic acid so lutions . 72 
Allen and Neumann75 propo sed that Species D in hydrobromic 
acid has a formula similar to that propo sed in this study fo r the 
dimeric form of Species D ,  but they were undecided about its 
structure. The monoxobridged structures propo sed by Haight68 and 
Dowsing and Gibson 77 for the Species D in hydrochloric acid are 
unlikely because the monoxobridged compounds show electronic 
absorption spectra that are considerably different from tho se 
• 
shown by dihydroxobridged compounds. The monohydroxobridged 
species proposed by Marov, et ai. 70 and Jezowska-Trzebiatowska 
72 
and Rudolf would also be expected to show a much different 
spectrum. Also, considering how unstable the dihydroxobridged 
compounds are,34 such structures are unlikely . 
Species E 
The electron spin resonance spectra indicate the possible 
presence of another molybdenum(V) species in 5. 4 M to 6 . 8 M 
hydrobromic acid. The weak signal sho wn by the species has an 
estimated g value of l. 983. The signal appears to be even more 
distorted than the Species C signal, indicating a paramagnetic 
molybdenum(V ) species with a less symmetrical structure. It may 
be the same signal as the one that Marov, et a1. 70 attributed 
to Species D. If it is, the g value of 1 . 972 determined by 
these workers may be more accurate. 
The electronic absorption spectra do not indicate the 
presence of Species E, and no electron spin resonance spectrum 
of a molybdenum(V ) compound similar to it has been reported in 
the literature . Species E may be a monomeric form of Species 
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D, [MoOBr2 (oH) ( H2o)2j
0, because it is favored at acid concentrations 
that favor Species D. It could result from an attack by two 
water molecules on the hydroxobridges in Species D, or from the 
removal of a bromide ion and a hydrogen ion from Species C. This 
must be considered to be only speculation because of the scarcity 
of data concerning it. 
245 
Species F ,  G and H 
The molybdenum(V) species predominant in all but one of the 
solutions in 0 . 5 M to 4 , 9  M hydrobromic acid have essentially the 
same electronic absorption spectrum , characterized by moderately 
intense bands near 253 nm and 295 nm , and weak bands at 380 nm 
and 475 nm. The analogous molybdenum(V) species in dilute 
hydrochloric acid show the same spectrum , indicating that they 
probably have similar structures . It is concluded that Species 
F, G and H have dioxobridged structures , because most dioxobridged 
molybdenum( V) compounds show this type of spectrum . Also , 
dioxobridged molybdenum(V) compounds , like the species in dilute 
hydrobromic acid , show little or no paramagnetism. Most workers 
that have studied molybdenum(V) solutions in hydrobromic acid and 
hydrochloric acid have also come to the conclusion that the 
molybdenum(V) species in dilute hydrobromic acid are dioxobridged 
compounds . 
The molecular orbital system proposed for dioxobridged 
molybdenum(V) compounds by Jezowska-Trzebiatowska and Rudolf
34 
(Figure 5 ,  page 22) indicates that the spectrum is strongly 
influenced by a relatively strong metal-metal a bond and strong 
TI bonds with the bridging oxygens. No further conclusions can be 
made concerning the spectra , because band assignments have not 
been given. 
Species F appears when the hydrobromic acid concentration is 
reduced from 6. 1 M to 5. 4 M ,  and it is the predominant molybdenum( V) 
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species when the acid concentration is 4 . 9  M .  Its presence is 
indicated by absorption in the visib le region that is more intense 
than that shown by Species G and H .  It shows a dependence on 
the molybdenum ( V )  concentration in 5 . 4 M hydrobromic acid that 
corresponds roughly to that shown by Species D in 6 . 1  M acid . 
This indicates that , like Species D ,  it is probably a dimer when 
-2 the molybdenum (V ) concentration is J X 10 M or less . 
Species F is proposed to be the [ Mo2o4Br4( H2o ) 2]
2 - anion 
when the molybdenum(V ) concentration is relatively low . An 
equilibrium study by Jezowska-Trzebiatowska and Rudolf7
2 indicates 
that when the molybdenum(V ) concentration in hydrobromic acid 
is O . J M, the species is a tetramer , probably consisting of two 
Species F ions linked together by axial oxobridges . Species F 
would be formed by deprotonation of the hydroxobridges in Species 
D .  
The results of a magnetic susceptability study of O. J M 
molyb:lenum (V ) solutions in hydrochloric acid by Jezowska­
Trzebiatowska and Rudolf72 are consistent with the proposed 
structure of Species F .  It indicated that the conversion of 
Species A to the first diamagnetic molybdenum(V ) species , Species 
F, involves only one hydrolysis reaction. In the system proposed 
in this study, conversion of Species A to Species F consumes one 
water molecule per molybdenum atom . A similar study in O . J M 
molybdenum (V ) solutions in hydrobromic acid indicated that 
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Species A and F are tetramers when the molybdenum( V )  concentration 
is high. 72 It  also ind icated that the conversion of Species A to 
Species F liberates 16 hydrogen or bromide ions . In the system 
proposed in this study , 8 hydro gen ions and 8 bromide ions are 
liberated when the tetrameric Species A is converted to Species F .  
Reducing the acid concentration below 4. 9 M results in the 
conversion of Species F to Species G and H ,  indicated by a d ecrease 
in the 380 nm band intensity . It  is difficult to distinguish 
be tween Species G and H because their spectra are almost id entical. 
The depend ence of the value ( €294 - t 278 ) on the hydrobromic 
acid concentration in 0 . 5  M to 4. 9 M acid (Figure 37 , page 137 ) 
is the only clear indication that there are two o ther dioxobridged 
molybdenum (V ) species besid es Species F .  The decrease in the value 
that results when the acid concentration is reduced to 2. 8 M 
co rresponds to the conversion of Species F to Species G .  The 
increase in the value that results from a further d ecrease in 
the acid concentration  suggests the fo rmation of Species H .  The 
spectra of the solutions are generally independent of the 
molybdenum (V )  concentration , indicating that they do no t have any 
tendency to form tetramers when the molybdenum (V ) concentration 
is 6 X 10-3 M or less . 
Work by Arden and Pernick73 with 1 M hydrochloric acid 
solutions ( page 44) indicates the structure of Species H is 
probably the cation , [Mo2o4
( H2o ) 6]
2+. The most likely structure 
for Species G, therefore , appears to be [Mo2o4Br2 (H2o ) 4J
0. The 
existence of Species G is suppo rted by the reaction of 
dipyH2MoOBr5 
in hot water to fo rm Mo2o4Br2dipy2. Hydrolysis of 
dipyH2Mo0Br5 during the reaction would be expected to cause an 
acid concentration of about 1.5 M . The reaction may be that 
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molybdenum(V ) species in dilute hydro bromic acid75, 76 and 
hydrochloric acid . 6?, 68, 69 But if Species H and F exist, it is 
likely that Species G is also present . 
It is no t known whether Species G or H are tetramers when 
the molybdenum(V) concentration is high . Replacement of bromide 
ligands by water molecules in Species F may reduce the tendency 
to form tetramers . 
Species I 
The existence of Species I is indicated by the electronic 
absorption spectrum of a 6 X 10-5 M molybdenum(V ) solution in 
1.8 M hydrobromic acid. The much different spectrum indicates 
that it is not a dioxobridged oxomolybdate compound, as are 
Species F, G and H. No molybdenum(V ) compound with this type of 
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spectrum is found in the literature . Species I is probably a 
monomer , because it is present only when the molybdenum ( V )  
concentration is very low . It appears to be related to Species 
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G and H because of the acid concentration at which it is observed . 
Not enough information about Species I is available to make a 
definite conclusion about its identi ty , but the structure 
[Mo0Br ( OH) 2 ( H2o )J
0 would be one possiblity . It would be a 
monomeric form of  Species G ,  resul ting from the attack of two 
water molecules on the oxobridges . 
Species J 
The electronic absorption spectrum of Species J ,  observed 
only in the solutions o f  ( NH4) 2Mo0Br5 in water , indicates the 
presence of a much different molybdenum species . There is broad , 
intense end absorption in the ultraviolet region , but no band is 
visible above 200 nm . I t  h: 1,:r-obably the molybdenum(VI ) anion : 
'') 
[MoOL1] t.., - ,  because a solution o f  ammonium molybdate(VI ) in water 
shows a similar spectrum . It probably results from the reaction 
of the molybdenwn( V )  species with dissolved oxygen . 
Species K 
Freezin g point depression and conductivity measurements of 
very dilute solutions of ( NH4) 2Mo0Br5 and (NH4) 2Mo0 Cl5 in air 
free water63 , 74 ( page 28) indicate that each molecule of  solute 
produces 10 ions plus a nonionic molybdenum ( V )  species . But the 
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formation of Species H, indicated to be predominant in 0.5 M acid, 
would produce onlY. 9 ions plus half of an ionic molybdenum(V) 
species . This indicates the possible presence of an even more 
hydrolized molybdenum(V) species, designated Species K ,  in very 
dilute solutions in air free water . Species J would not be 
expected to form in such a solution . A possible structure for 
Species K might be [Mo2o4(oH) 2(H2o)4]
0 , resulting from deprotonation 
of two coordinated water molecules on Species H . Its formation 
from the hydrolysis of (NH4)2Mo0Br5 would produce 10 ions plus 
one-half of the nonionic Species K per molecule of solute , 
close to what was observed . 
NONAQUEOUS SOLUTIONS 
Solutions that Contain Equ ilibria 
Analogous to Those Observed in 
Hydrobromic Acid Solutions 
Molybdenum(V) solutions in anhydrous ethanol-hydrogen bromide ,  
stock ethanol-hydrogen bromide and ethyl ether contain 
molybdenum(V) species analogous to the species in hydrobromic 
acid solutions. Many of the different species in  these solutions 
show a dependence on the hydrogren bromide concentration that 
is somewhat different from that shown in hydrobromic acid . This 
probably results because these solvents are less polar, even 
though two of them , stock ethanol-hydrogen bromide and ethyl 
ether, are thought to contain significant amounts of water . The 
electronic absorption spectra and electron spin resonance spectra 
of these solutions provide further evidence concerning the 
electronic absorption spectra and structures of the molybdenum(V) 
species in hydrobromic acid. 
One characteristic shown by all of these solutions is the 
tendency of each molybdenum(V) species to be favored at a much 
lower hydrogen bromide concentration than it is in hydrobromic 
acid. It is shown below that the different molybdenum(V) species 
are probably dependent on the number of solvent molecules capable 




The electronic absorption spectra of the anhydrous ethanol­
hydrogen bromide solutions indicate that the exclusion of water 
from the solvent has a sign ificant effect on the equilibria between 
the different molybdenum(V) species . These solutions are described 
as being anhydrous to differentiate them from the stock ethanol­
hydrogen bromide solutions , but the method used for preparing 
them is probably not sufficiently rigorous to remove all water. 
Because of this, at least some of the molybdenum( V) species in 
these solutions may contain coordinated water instead of ethanol. 
The electronic absorption spectrum of Species A ,  for instance, 
might be attributable to one or both of the two slightly different 
structures shown below. 
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The maximum hydrogen bromide concentration that can be 
obtained in anhydrous ethanol is about 6 M ,  considerably less than 
that allowed by stock ethanol and water . At this concentration 
of hydrogen bromide , a molybdenum (V ) species that appears to be 
analogous to Species B in hydrobromic acid is predominant . It  
was indicated above that it  may have the structure shown below , 
because a compound that is believed to have this structure was 
separated from an ethanol-hydrogen bromide solution . 27 
A molybdenum(V ) species analogous to Species A is present 
in J . 5 M and 4 . 6 M ethanol -hydrogen bromide , but its electronic 
absorption spectrum is about half as intense as in stock ethanol­
hydrogen bromide or hydrobromic acid . This may result from the 
presence of the species of unknown structure that becomes 
predominant when the hydrogen bromide concentration is reduced 
below J . 5 M .  
The very weak electronic absorption spectrum shown by the 
2 . 65 X 10-4 M solution in 1 . 9 M ethanol -hydrogen bromide indicates 
253 
the presence o f  a moly1x:1enum ( V ) species that is much different 
from those in hydrobromic acid and stock ethanol -hydrogen bromide 
so lutions . It shows a moderately intense band at 263 nm , a 
shoulder at 280 nm and a weak band at 315 nm . The rather erratic 
dependence o f  the relative intensities of  the 377 nm and 413 nm 
bands on  the hydrogen bromide concentration in 1 , 05 M to 1 , 9 M 
ethano l-hydro gen bromide indicate that it also probably absorbs 
weakly at about 377 nm . The structure of the species can no t be 
identified from its rather unusual spectrwn , but the hydro gen 
bromide concentration at which it is favo red seems to indicate 
that it has a structure intermediate between the structures of 
Species A and C .  Perhaps it has the structure shown below , which 
0 
would result from the replacement of  the axial ligands in the 
Species C mo lecule with two ethoxy groups , as in the conversion 
of  Species A to Species B .  This is the only structure that is 
immediately apparent from the above observations . This must be 
co nsidered to be just speculation , since there is no definite 
evidence for the above structure. Previous wo rk2 7 , 94 has 
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indicated that transition metals in ethanol can accept one or 
more ethanol or ethoxy ligands . The species is probably not present 
when the molybdenum(V) concentration is 1 X 10-2 M because the 
70 7 nm band shown by its electronic absorption spectrum is similar 
to that shown by the l. 2J M and J. 5 M ethanol-hydrogen bromide 
solutions. 
-2 The electronic absorption spectrum of a J X 10 M 
molybdenum(V) solution in 1. 05 M ethanol-hydrogen bromide indicates 
that a molybdenum(V) species analogous to Species C is predominant. 
When the molybdenum(V) concentration is 1 X 10-2 M, a prominent 
shoulder at 721 nm indicates that a molybdenum(V) species 
analogous to Species D is probably present . The intensity of the 
band suggests that it may not be as abundant as it is in 6 M 
hydrobromic acid solutions . Species C is probably favored to a 
greater extent than in hydrobromic acid , because the scarcity of 
water discourages the formation of hydroxobridged and dioxobridged 
molybdenum(V) species. Coordinated ethanol would be less likely 
to dissociate to form hydroxobridges or dioxobridges, because of 
the higher bond energies in the ethanol molecule. 
All of the molybdenum(V) species in anhydrous ethanol­
hydrogen bromide are favored at much lower hydrogen bromide 
concentrations than are the analogous species in hydrobromic acid. 
These observations suggest that the molybdenum(V) species in the 
aqueous and nonaqueous solutions are dependent on the hydrogen 
bromide to solvent ratio rather than to the actual hydrogen 
bromide concentration . 
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To test the above idea, the ratio of hydrogen bromide to 
solvent was calculated for each of the hydrobromic acid and 
anhydrous ethanol-hydrogen bromide solutions used to obtain 
electronic absorption spectra . The hydrogen bromide to solvent 
ratios for the hydrobromic acid and ethanol-hydrogen bromide 
solutions are compared in Table XX.XIV, along with the molybdenum(V) 
species that are present in each solution. The ratios given for 
the hydrobromic acid solutions were calculated from an acid 
density table given in a chemistry handbook . 95 The ratios for 
the ethanol-hydrogen bromide solutions were estimated by assuming 
that two molecules of hydrogen bromide displace one molecule of 
ethanol. This assumption was based on ethanol, water and 
hydrobromic acid density values, 95 which indicate that hydrogen 
bromide and ethanol molecules occupy, respectively, about 1. 5 
times and about J . J times as much space as a water molecule. 
The table indicates that at higher hydrogen bromide concentra­
tions at least, the molybdenum(V) species are dependent on the 
hydrogen bromide to solvent ratio . This might not be expected 
because hydrogen bromide in ethanol is only 10% dissociated, 96 
while it is almost completely dissociated in water. It indicates 
that hydrogen bromide apparently has the same effect , whether 
or not it is ionized. 
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TABLE XXXIV 
HYDROGEN BROMIDE TO SOLVENT RATIOS IN HYDROBROMIC ACID 
AND ANHYDROUS ETHANOL-HYDROGEN BROMIDE 
Hydrobromic Acid Anhydrous Ethanol-Hydrogen Bromide 
HBr Ratio Predominent HBr Ratio Predominent 
Cone. HBr/H2o_ Species  Cone. HBr/EtOH Species ·--
0. 24 0. 0JO Dioxobridged 0.50 O. OJO Dioxobridged 
1. 81 O. OJ4 Dioxobr idged 
2 .BJ 0 . 059 Dioxobridged 1.05 0. 064 C, D 
J. 8  0. 08J Dioxobridged 1. 23 0 . 075 C, D 
4. 9 0. 10 Dioxobr idged 
5. 4 0. 12 C, D, E 1. 9 0 . 12 A, C, D, 
unknown 
6. 1 0. 13 A, c ,  D 
6.5 0. 15 A, C ,  D 
7. 6 0. 17 A, C 
8. 8 0. 2 0  A, C 
9,4 0. 23 A 3. 5 0. 23 A 
11. 4 O. J l A 4. 6 O. Jl A 
13. 5 0. 40 A, B 6 0. 40 B 
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When the hydro gen bromide to solvent ratios are between 0 . 06 
and 0 . 1 , the aqueous solutions and ethanol solutions do no t contain 
the same molybdenum ( V )  species . Species C is present in the 
ethanol solutions , while dioxobridged species are predominant 
in hydrobromic acid solutions. This supports the suggestio n  
given above that the 1 . 05 M and l . 2J M ethanol -hydro gen bromide 
solutions do no t contain enough water to allow dioxobridged 
species to form as r eadily as they do in hydrobromic acid . 
Stock Ethanol-Hydrogen 
Bromide Solutions 
The stock ethanol -hydrogen bromide solutions are different 
from the anhydrous ethanol-hydrogen bromide solutions in that 
they are assumed to contain a significant concentration o f  water 
absorbed from the air . The different spectra shown by these 
solutions indicate that the presence of water can have a 
significant effect on the equilibria between the different 
molylx:lenum ( V )  species . I t  also allows higher hydrogen bromide 
concentrations to be obtained . I t  is likely the species contain 
coordinated water , because ( cH
3
) 4NMo0Br4( H2o )  can be precipitated 
from a stock ethanol -hydrogen bromide solution . 
The electronic absorption spectra o f  the stock ethanol­
hydrogen bromide solutions indicate that when the hydro gen bromide 
concentration is 1. 4 M to 10 � ,  mo lybdenum ( V )  species analo gous 
to Species A and C are present . The relative concentrations o f  
the two species and their dependence o n  the hydrogen bromide 
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concentration are about the same as in hydrobromic acid . The 
electron spin resonance spectrum o f  a 0 . 9 M ethano l-hydrogen 
b romide solution ( Table XXII) indicates that the two molybdenurn ( V )  
species are probably the same a s  those in hydrobromic acid . 
None of  the solutions show a spectrum attributable to 
Species B ,  but the slightly weaker spectrum shown by a 10 M 
ethanol -hydrogen bromide solution may result from the presence 
of a low concentration of the species . The spectra of the 
solutions also show no evidence of the unknown species that is 
predominant in 1 , 9  M anhydrous ethanol-hydrogen bromide . The 
presence of a significant amount of water apparently prevents 
its formation. As in anhydrous ethanol-hydrogen bromide , there 
is less  tendency for dioxobridged molybdenum (V ) species to form 
than in hydrobromic acid . 
None of the so lution spectra show bands attributable to the 
species analogous to Species D except the O. OJ M ethano l-hydro gen 
bromide so lution. The electronic absorption spectrum of the 
solution indicates that Species D is abundant, showing bands at 
374 nm , 452 nm and 712 nm. A shoulder at 415 nm indicates some 
Species C is present , and the rather low intensity of  the spectrum 
as a who le suggests that a dioxobridged molybdenum(V )  species 
is also present . No t enough wo rk was done with these so lutions 
to allow any conclusion to be made about why the compo sition of 
this so lution is different from that in a very dilute anhydrous 
ethano l -hydrogen bromide so lution . 
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Ethyl Ether So lutions 
The ethyl ether so lutions are more useful than the hydrobromic 
acid and ethano l-hydro gen bromide so lutions in determining the 
electronic absorption spectrum o f  Species D .  Its electronic 
absorption spectra and e lectron spin resonance spectra can be 
observed separate from the Species A and C spectra over a wide 
range of mo lybdenum (V ) concentrations . The very low hydrogen 
bromide concentrations in the so lutions also provide evidence 
concernin g the mo lybdenum to bromide ratios in the different 
mo lybdenum ( V ) species . Very little hydro gen bromide is necessary 
to stabilize the different mo lyb:lenum (V ) species in these 
so lutions , pro bably because of the inability of the bulk of the 
so lvent to coordinate with the mo lybdenum . It was shown above 
that no so lution can be obtained if the ethyl ether is anhydrous . 
Wo rk by Wendling76 indicates a similar dependence on the hydro gen 
bromide concentration when the solvent is formic acid . 
1 .  So lutions Resulting from Reactions of ( NH4) 2Mo0Br5 
and ( Ani1H) 2Mo0Br5 in Ethyl Ether 
The so lution resulting from the addition of ( NH4) 2Mo0Br5 o r  
(ani1H) 2Mo0Br5 to ethyl ether appears to result from a reaction 
with water in the so lv ent. The e lectronic absorption spectrum 
and the electron spin resonance spectra of the so lutions indicate 
that a mo lybdenum(V )  species with a structure similar to that o f  
Species D is predominant . The bands attributed to the species 
are at 247 nm , 302 nm , 367 nm , 451 nm and 680 nm. The proposed 
reaction of ( NH4) 2Mo0Br5 




+ 4 NH4Br 
+ 2 HBr 
supported by the observation given in the results section that 
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the reaction of 1 . 0  mo le of  the compound causes 2 . 0 mo les o f  
ammonium bromide to precipitate . This indicates that the resulting 
so lution  contains a mo lybdenum to bromide ratio of 1 . 0  to 3 . 0 .  
The weakly held bromide ion opposite the terminal mo lybdenum­
oxygen bond is probably replaced by a water molecule . The 
precipitate that resulted from the addition of  an equirno lar amount 
of 2 , 2-dipyridyl to one of these so lutions contains a mo lybdenum 
to bromide ratio of 1 to 2 .  This supports the proposed structure 
of Species D in ethyl ether , which also contains two bromide ions 
coordinated to each molybdenum . 
The electronic absorption spectrum of a molybdenum( V )  
solution i n  ethyl ether is slightly different from that shown by 
Species D in hydrobromic acid . The 354 nm band is much more 
intense , and it and the 680 nm band are at lower wavelengths than 
they are in the hydrobromic acid so lution spectra . This do es 
not appear to result from a difference in the number of bromide 
ligands , because the replacement of the bromide ligands in the 
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dihydroxobridged compound , (NH4) 2Mo O (OH) Br (OH) 4 with 2 2 2 2 
chloride ligands does not change the electronic absorption spectrum 
significantly.34 
Solvent effects probably cause the differences in the 
electronic absorption spectra . According to the molecular orbital 
system proposed for dihydroxobridged molybdenum(V) compounds, 34 
the 354 nm and 680 nm transitions are associated with the weak n 
bonds between the bridging hydroxo ligands and the normally 
unpaired molybdenum d orbital. The possibility of solvent xy 
effects on these transitions would be expected to be greater because 
the bonds are relatively �eak, and they are in positions that would 
allow overlapping with orbitals on adjacent solvent molecules . 
The lower wavelengths of the 354 nm and 680 nm bands suggest 
that the n bonds with the bridging hydroxo ligands are stronger 
in the ethyl ether solutions . The slightly different electron 
spin resonance spectrum shown by Species D in ethyl ether also 
probably results from solvent effects. 
2. Changes in Composition Resulting from Dilution 
When a molybdenum( V) solution in ethyl ether is diluted by 
adding more solvent, the electronic absorption spectrum shows a 
dependence on the molybdenum(V) concentration that is comparable 
to that shown by the dimeric and tetrameric forms of Species D 
in 6. 1 M hydrobromic acid . But dilution causes the species 
analogous to Species D to be converted to what appears to be a 
dioxobridged molybdenum( V )  species , while in hydrobromic acid it 
results in the conversion of the species to Species A and C .  
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When the molybdenum ( V ) concentratio n is reduced beyond a certain 
point ( below 2 . 57 X 10-4 M in the solution used for the data in 
Table XXIII, page 16 8) , the spectrum shows a very sharp decrease 
in intensity . In this case , the change appears to be caused by 
the reduction in the hydrogen bromid e concentration that results 
from the method  of dilution . It corresponds  to the disappearance 
of  the Species D spectrum when the hydrobromic acid concentration 
is reduced from 6 . 1  M to 4 . 9  M .  The el ectronic absorption spectra 
and electron spin resonance spectra indicate almost complete 
conversion to a dioxo bridged compound . 
J .  Changes in Composition Resulting from the Addition o f  
Hydrogen Bromide 
A change in the molybdenum to bromide ratio to 1. 0 to J. 8 by 
addition of an ethyl ether-hydrogen bromide causes the compo sition 
o f  a mo lybdenum(V ) solution in ethyl ether to change . The 
electronic absorption spectra and electron spin resonance spectra 
indicate that the resulting solutions contain molybdenum ( V )  
species analogous to Species C and D ,  but not Species A .  Perhaps 
this results because the slightly polar solvent favors the two 
nonionic molybdenum ( V )  species . When the molybdenum to bromide 
ratio is increased to 1 . 0  to 11 . 4, the electronic absorption 
spectrum indicates  that a molybdenum( V )  species analogous to 
Species A is predominant . In this solution ,  over half of the 
bromide ion present appears to be in the form of dissolved 
hydrogen bromide . 
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The electronic absorption spectrum of the solution resulting 
from the reaction of ( cH
3
) 4NMoOBr4( H20 )  with ethyl ether indicates 
the presence of two molybdenum( V )  species analogous to Species 
C and D .  The formation of Species C may occur because of the 
release of hydrogen bromide from some undissolved sample . No 
structure is proposed for the product of the reaction of 
( c4H9 ) 4NMoOBr4 in stock ethyl ether because its electronic 
absorption spectrum has not been identified . The much different 
structure may result because the tetrabutylammonium cation is 
readily soluble in ethyl ether , while the ammonium , anilinium 
and tetramethylammonium cations are not. The compounds containing 
the quinolinium , pyridinium and 2 , 2 -dipyridylium cations may be 
insoluble in ethyl ether because they react to form insoluble 
complexes containing coordinated pyridine , quinoline , or 
2 , 2-dipyridyl . 
Solutions That Do Not Contain Equilibria 
Analogous to Those Observed in 
Hydrobromic Acid Solutions 
The nonaqueous solutions of molybdenum (V ) compounds that 
are described below do not support the equilibria that are 
observed in hydrobromic acid , ethanol -hydrogen bromide or ethyl 
ether solutions . Stock chloroform , acetonitrile and 
dimethylsulfoxide were used because Allen and Neumann75 reported 
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that they are useful for obtaining e lectronic absorption so lution 
spectra of oxobromomolybdate ( V )  compounds .  Most of the compounds 
are insoluble in purified chloroform . The compounds are readily 
so luble in acetonitrile and dimethyl sulfoxide , but they react 
with the solvents. 
Purified Chloroform, Chloroform-Water 
and Chloroform-Ethanol Solutions 
The absence of ethanol and all but a possible trace of water 
in the chloroform greatly affects the ability of chloroform to 
dissolve oxobromomolybdate (V ) compounds. All of the compounds 
that were stirred with pure chloroform , except ( c4H9
) 4NMo OBr4, 
are shown to b e  only very slightly so luble . The very weak and 
indistinct e lectronic absorption spectra indicate the formation 
of small amounts of compounds with unknown structures . The only 
compound that is relative ly soluble in pure chloroform , 
( c4H9
) 4NMo0Br4 , reacts when it dissolves . The electronic 
absorption spectrum of the resulting so lution is like that 
attributed to Species C in hydrobromic acid . The two coordinated 
water molecules that it would have if it is similar to Species 
C would probably com e  from the solid sample . It is shown be low 
in the discussion of  the solid compounds that the sample of 
( c4H9
) 4NMo0Br4 contains a small amount of water . The compound 
is probably more soluble in pure chloroform than the other 
compounds because of the bulky o rganic groups on the cation . 
The most obvious difference between pure chlo roform and stock 
chlorofo rm is the presence of ethano l and water in the latter 
so lvent . Water and ethano l were added separately to purified 
chlorofo rm to determine why stock chlorofo rm is a useful so lvent 
for oxobromomo lybdate( V ) compounds , while purified chlorofo rm is 
not . When ( NH4) 2Mo0Br5
, ( quinH) 2MoOBr5 
and (quinHMoOBr4) n are 
stirred with purified chloroform to which water has been added , 
the results are about the same as when the compounds are stirred 
with pure chloroform . But a sample of (ani1H) 2Mo0Br5 that has 
absorbed moisture from the air is slightly so luble in purified 
chlorofo rm . The electronic absorption spectrum of its so lution 
indica tes partial decomposition to form a compound that appears 
to be similar 1- 0  Species C .  ( NH4) 2Mo0Br 5 and ( quinHMo0Br4
) n are 
slightly so luble in anhydrous chloroform that contains a small 
amount of ethano l ,  but the electronic absorption spectra of the 
solutions indicate partial decomposition to form compounds that 
appear to be similar to Species C .  The above observations indicate 
that purified chlorofo rm and purified chloroform containing 
ethano l or water , are not useful for obtaining so lutions of 
oxobromomolybdate (V ) compounds. It might be possible , however , to 
separate a compound similar to Species C from a purified chlo rofo rm  
Stock Chloroform , Chloroform-Ethanol 
and Ethyl Bromide 
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Stock chloroform has shown itself to be quite useful as a 
solvent for oxobromomolybdate ( V ) compounds . The electronic 
absorption spectra of fresh solutions of most of the compounds 
prepared in this study indicate that they dissolve with lit tle or  
no  decomposition. The ways in which some of th e dissolved com­
pounds react when the solutions are allowed to stand for a few 
hours or days give further evidence concerning their structures . 
These reactions are different from the equilibrium reactions in 
hydrobromic acid , ethanol-hydrogen bromide or ethyl eth er so lutions . 
The rates of the reactions are usually increased if additional 
ethanol is added to increase the solubilities of the samples . The 
principal disadvantage of these solvents is that a large excess 
of sample  usually must be added , most of which does not disso lve . 
The results of work done in this study with purified 
chloroform containing water or  ethanol indicate that the ability 
of chloroform to dissolve o xomo lybdate ( V )  compounds without 
decomposition requires the presence of low concentrations o f  both 
water and ethanol .  The presence of water apparently makes the 
solvent sufficiently polar to dissolve the ionic oxobromomolybdate (V ) 
compounds . The ethanol may b e  necessary to allow a higher con ­
centration o f  water in the so lvent than would otherwise b e  
possible .  In stock chloroform , the large excess of th e relatively 
unreactive chloroform apparently retards the abilities of water 
and ethanol to react with the compounds as they do in hydrobromic 
ac id , ethanol-hydro gen bromide , or  ethyl ether . Another ingredient 
that appears to be necessary to form a stable so lution is a low 
concentration o f  hydro gen bromide , resulting from partial hydro lysis 
o f  the excess solid sample that is almost always required . An 
ethyl bromide solution was used only to obtain an electronic 






Br8(H2o ) , because preliminary 
work indicated that the oxomo lybdate( V )  compounds are less so luble 
in the so lvent than in stock chloro form . 
1 .  Oxotetrabromomo lybdate(V) Compounds 
The electronic absorption spectra of stock chloroform and 
chloroform-ethano l so lutions of the monomeric oxotetrabromo­
mo lybdate( V)  compounds are about the same as those shown by the 
so lid compounds . This indicates that the compounds disso lve in 
stock chloroform without showing significant decomposition ,  except 
that a water mo lecule pro bably coordinates opposite the terminal 
mo lybdenum -oxygen bond when ( c4H9
) 4NMoOBr4 is dissolved . The 
electron spin resonance spectra have about the same symmetry as 
those shown by Species A in hydrobromic acid , but the g values 
are slightly higher and the half widths are greater . This may be 
because the compounds in chloroform so lution are in the form o f  
monomers while the analogous Species A in hydrobromic acid is 
an axially monoxobridged dimer. 
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( c4H9
) 4NMo0Br4 is the o nly oxobromomolybdate ( V )  compo und 
prepared in this study that is readily soluble in stock chlo roform . 
The slightly broader signal shown by the electron spin reso nance 
spectrum of a concentrated solution of the compound may be due 
to intermol ecular interactions resulting from the high sample 
concentration .  The solutio ns o f the above three compo unds are 
indicated by the electronic absorption spectra and electron spin 
resonance spectra to be quite stabl e ,  even when the ethanol 
concentration is increased to 1 . 8% .  
2 . Oxopentabromomolybdate(V) Compounds 
The electronic absorption spectra of stock chloro form 
solutions of (NH4) 2Mo0Br5 
and (ani1H ) 2Mo0Br5 
are the same as the 
solid electronic absorption spectra of the compo unds. The 
solutions are less stable than the solutions of the monomeric 
oxo tetrabromomolybdate ( V )  compo unds . The electronic absorption 
spectra and electron spin resonance spectra indicate that the 
[Mo0Br
5
]2 - anion reacts slowly with the solvent , producing the 
more stable [Mo0Br4( H2o )J - anion. I f  the ethanol concentration 
is higher , the displacement o f the axial bro mide ligand is more 
rapid . The reactions of these compounds in stock chloroform help 
to confirm the electronic absorption spectra o f the [Mo0Br
5
] 2 -
and [Mo0Br4( H2o )J - anions . 
In the electronic absorption spectrum of  the [Mo0Br
5
] 2 - anion, 
the charge transfer band at 476 nm is the one most greatly 
affected by the presence of a bromide ion opposite the terminal 
molybdenum-oxygen bond. The band is attributed to a transition 
from the terminal molybdenum-oxygen TI bonds to the molybdenum 
d orbitai. 19 , 25 The increase in the intensity of the band is xy 
probably caused by changes in the d orbital resulting from its xy 
TI bonding with the axial bromide ligand . The bonding also appears 
to cause the transitions attributed to the J70 nm and 419 nm 
bands to interact, resulting in broader, less distinct bands. 
The ground states of the two transitions are the terminal 
molybdenum-oxygen TI bonds, whi ch may be indirectly affected . 
The electron spin resonance spectra of the solutions of 
(NH4) 2Mo0Br5 
and ( ani1H) 2Mo0Br5 
show signals that are more 
symmetri cal than those shown by the monomeric oxotetrabromomolyb­
date(V ) compounds. This indi cates that the unpaired electron 
is in a more symmetrical environment, possibly resulting from the 
formation of weak TI bonds with the axial bromide ligand . 
The other two oxopentabromomolybdate(V) compounds, 
(quinH) 2Mo0Br5 and dipyH2Mo0Br5, react immediately with stock 
chloroform to form different compounds . The electroni c absorption 
spectra of the resulting solutions resemble the spectrum of a 
compound prepared by Saha and Banerjee,30 which is believed to 
have the structure shown below . 
The compounds in the stock chloroform solutions probably have 
similar structures . The band at 398 nm , which appears to cover 
the two charge transfer bands between 370 nm and 430 nm. has been 
attributed by the above workers to a ligand-metal charge transfer 
transition . 
3. Quinolinium Catena-�-oxo-tetrabromomol bdate V and 
Pyridinium Catena-µ-oxo-tetrabromomol bdate V 
The electronic absorption spectra of ( quinHMo0Br4) n and 
( pyrHMoOBr4) n in stock chloroform and stock chloroform-ethanol 
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are about the same as those shown by the other oxotetrabromolyb­
date(V )  compounds . But the electron spin resonance spectra 
indicate that the compounds may retain their polymeric structures 
to some extent . This is also suggested by the unstable natures of 
the solutions . The solution of ( pyrHMo0Br4) n in stock chloroform 
is very unstable ,  decomposing completely in half an hour or less . 
The formation of a white insoluble solid suggests that oxidation 
may occur . 
The other compound , ( quinHMo0Br4) n ' is relatively sta.ble in 
stock chloroform , but is much less so if the ethanol concentration 
is increased to 1 , 3% , The electronic absorption spectrum of a 2 
hour old solution of the compound indicates that much of it 
decomposed to form a compound that does not absorb in the visible 
�egion . Besides becoming weaker , the spectrum also became more 
like that of the [Mo0Br5 ]
2 - anion. The formation of the [Mo0Br5]
2 -
anion might be caused by an increase in the hydrogen bromide 
concentration  resulting from decompo sition o f  some of the 
polymeric compound . 
The rather weak electron spin resonance spectrum shown by 
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the 1 . 3% chloroform-ethano l solution al so indicates partial 
decompo sition . I t  shows  two overlapping signals , one of which 
resembles the signal shown by the electron spin resonance spectrum 
o f  ( NH4) 2Mo0Br5 , providing further evidence that some o f  the 
(Mo0Br5]
2 - anion is formed . The signal attributed to the 
dissolved sample is sligh tly different from tho se shown by stock 
ch loroform-ethano l solutions o f  the monomeric oxo tetrabromomo lyb­
date(V ) compounds .  The g value indicated by the spectrum is 
1 . 993 , the same as that shown by the electron spin resonance 
spectrum o f  Species A in concentrated hydrobromic acid. Also , the 
smaller half width of the signal is clo ser to that shown by 
Species A .  But when the ethanol concentration is J . 3% ,  the spectrum 
shows a signal that is similar to the signal shown by the electron 
spin resonance spectrum of ( cH
3
) 4NMoOBr4(H2o )  in stock chloro form ­
ethanol . The relatively intense signal and the presence of only 
a weak signal attributable to the [Mo0Br5]
2- anion indicates less 
decomposition in this so lution than in the so lution containing 
l . J% ethanol . 
The above observations indicate that a rather unstable 
axially monoxobridged dimer o r  po lymer may be present in stock 
chloroform so lutions if the ethano l concentration is 1. 3% o r  les s . 
The [Mo0Br5J
2 - anion may form because o f  an increase in the 
hydro gen bromide concentration, resulting from the complete 
decomposition of much of the axially monoxobridged compound. If 
( quinHMoOBr4� is added to stock chloroform containing J . J% 
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ethano l ,  the po lymeric compound appears to be  broken up immediately 
into the more stable [Mo0Br4( H2o )] - anion. The greater similarity 
of  the electron spin resonance spectrum o f  the compound in 1 . 3% 
chloroform-ethano l to that of  Species A in hydrobromic acid 
supports the conclusion given above that Species A may be  an 
axially oxobridged dimer . The reason why the electron spin 
resonance spectrum o f  an axially monoxobridged mo lybdenwn ( V )  
species would show a sharper signal is uncertain , since n o  
mo lecular o rbital system for such a structure has been reported . 
4 .  Di-�-oxo -bis oxobromo 2 , 
-oxobis oxo bromo 2 2 -d 
he Product Se 
in Ethyl Ether 
The electronic absorption  spectrum of  a stock chloroform 
so lution of Mo2o4Br2dipy2 is the same as its so lid electronic 
absorption spectrum , indicating that it do es not react with the 
so lvent . The stock chloroform so lution spectra of the samples 
o f  Mo2o3
Br4dipy2 prepared in ethano l and hydro gen bromide indicate 
that they react to form the same compound that results from the 
reaction o f  dipyH2MoOBr5 
in stock chlo roform. The additional 
bromide ions necessary fo r the fo rmation of the compound may be 
furnished by partial decomposition of  the large excess of sample 
that do es not disso lve. ThE much more dilute so lution resulting 
from the reaction of the sample prepared in ethanol indicates 
that it might have a structure that is slightly different from 
the structure of the compound prepared in hydrobromic acid . 
The electronic absorption spectrum of a stock chloroform 
solution of the product separated from a molylxienum( V )  solution 
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in ethyl ether indicates that it reacts to form a compound similar 
to that formed by Mo2o3Br4dipy2 . But the solution also co ntains 
another compound of unknown structure that absorbs at 270 nm and 
545 nm . These observations support the conclusion given below 
that the solid contains Mo2o3
Br4dipy2 and a molybdenum(VI ) 
compound . 
5 . TetraoxotetrahydroxooctabromoaguotetraJJ1olybdenum(V) 
The electronic absorption spectrum of a solution of 
Mo4o4( oH ) 4Br8( H2o )  in stock chloroform shows bands that correspond 
fairly well to the indistinct bands shown by the diffuse reflect­
ance spectrum of the compound . No conclusion can be made concern­
ing its structure from the rather unusual spectrum . The electron 
spin resonance spectrum of a stock chloroform solution of the 
compound resembles that of the [Mo0Br4(H2o )J
- anion , but the 
g value is slightly lower . Assuming that the signal did not 
result from decomposition of the compound , the spectrum indicates 
that the environment of the unpaired d electron is not much xy 
different from what it is in the [Mo0Br4(H2
o ) ] - anion . The 
solutions are unstable , decomposing within an hour to form 
molybdenum b lue , which is believed to contain molybdenum in the 
+5 and +6 oxidation states . 97 
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Ethyl bromide was tried as a solvent in the hope that a more 
stable solution of the compound could be prepared . An e thyl 
bromide so lution of the compound is slightly more stab le , but the 
electronic absorption spectrum indicates that it contains what 
appears to be  a dihydroxobridged compound .  Allen and Neumann75 
reported the same type of spectrum for sto ck chloroform and ethyl 
acetate solutions of a compound with the formula , MoO (OH ) Br2 " 4H20 . 
It  appears to be similar to the compound prepared in this study, 
except for the much larger quantity of water it contains . The 
above observations indicate that when it is in solution , 
Mo4o4(oH) 4Br8( H2o )  has a tendency to form a dihydroxobridged 
molybdenum (V ) compound . Further evidence concerning the structure 
of the compound is given in the dis cussion of the solid compounds .  
Acetonitrile Solutions 
Solutions of oxotetrabromomolybdate( V )  compounds in 
acetonitrile were prepared to test the conclusion by Allen and 
Neumann75 that the compounds disso lve in the so lvent without 
de composing , while oxopentabromomolybdate ( V )  compounds do no t .  
Solutions in anhydrous acetonitrile were prepared to see if the 
usefulness of stock acetonitrile as a solvent for the se compounds 
is dependent o n  the low concentration of water that is assumed 
to be present . 
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The electronic absorption spectra shown by stock and purified 
acetonitrile so lutions of  the oxotetrabromomo lybdate(V ) and 
oxopentabromomo lybadate( V )  compounds are all the same except for 
the stock acetonitrile so lution of ( quinH ) 2Mo0Br5 
and a 3 day 
o ld so lution of dipyH2MoOBr5 
in the so lvent. The weaker spectra 
shown by stock acetonitrile so lutions may result from partial 
decomposition caused by reaction with water present in the so lvent . 
The spectra shown by these so lutions indicate that the compounds 
probably have an oxotetrabromomo lybdate(V )  structure . This is 
also indicated by the loss of one mo le of ammonium bromide per 
mo le of ( NH4) 2Mo0Br5 
added to stock acetonitrile. The so lutions 
also probably contain a coo rdinated acetonitrile mo lecule opposite 
the terminal mo lybdenum-oxygen bond , because NH4MoO C14( cH3cN ) has 
been precipitated from an anhydrous acetonitrile so lution. The 
much sharper bands shown by the spectra are probably caused by 
the coordinated nitrile group , but the effect it has on the 
mo lecular orbital system is unclear . Solvent effects seem unlikely , 
since the absence of water has no significant effect on the band 
positions or shapes . 
The slightly different electronic absorption spectrum shown 
by a so lution of ( quinH) 2MoOBr5 
in stock acetonitrile indicates 
that it may contain a compound with a structure similar to that 
formed when the compound reacts in stock chloroform. The compound 
formed in a three day o ld so lution of dipyH2MoOBr5 
in stock 
acetonitrile probably has a similar structure. In purified 
acetonitrile , these compounds do not form , indicating that the 
reaction requires the presence of water or possibly some other 
impurity . 
The above observations indicate that acetonitrile is not a 
suitable solvent for obtaining electronic absorption spectra 
or electron spin resonance spectra of oxobromomolybdate ( V )  
compounds . Its principal advantage is that the oxotetrabromo­
molybdate ( V )  compounds are readily solubl e in it . The solvent 
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has been shown to be useful for preparing oxotetrabromomolybdate ( V )  
compounds that can not b e  prepared in hydrobromic acid . 93 
Dimethyl Sul foxide Solutions 
Solutions of ( NH4) 2Mo0Br5 
and ( cH
3
) 4NMoOBr4(H2o )  in stock 
dimethyl sulfoxide were prepared to test its usefulness as a 
solvent for oxobromomolybdate ( V )  compounds . The conclusion by 
Al len and Neumann75 that (NH4) 2Mo0Br5 
dissolves in stock dimethyl 
sulfoxide without decomposition is shown in this study to be 




) 4NMoOBr4( H2o )  both show a spectrwn that is 
much different from th e solid electronic absorption spectrum of 
either of the two compounds . The compound present in these 
solutions can not be identified with any certainty , but the bands 
at 450 nm and 745 nm suggest that they might contain dihydroxo­
bridged molybdenum(V ) compounds . Though the electronic absorption 
spectra are the same as that reported by Al len and Neumann , 75 
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the lifetimes of the solutions prepared in this study were  much 
shorter . This may be  because the water content in the dimethyl 
sulfoxide used for these solutions was higher . It  is unlikely 
that anhydrous dimethyl sulfoxide would be useful as a solvent 
for oxobromomolybdate ( V )  compounds because of its strong tendency 
to coordinate with transition metals . 98 
SOLID COMPOUNDS 
Compounds Prepared in Hydrobromic Acid 
Solutions that were Saturated with 
Hydrogen Bromide 
Four different types of compound were precipitated from 
hydrobromic acid solutions saturated with hydrogen bromide . The 
different structures demonstrate the importance of the cations 
in the reactions that produce these compounds . The bond lengths 
in three  representative oxobromomolybdate (V ) compounds , determined 
by X -ray crystallography , are shown in Table Xll.V. In each 
2 0 , 98 compound , the molybdenum has tetragonal symmetry . 
Oxotetrabromoaguomolybdate(V ) 
Compounds 
The two oxotetrabromo�uomolybdate ( V )  compounds , 
tated from either water solutions or concentrated hydrobromic 
acid solutions . The highest purity is obtained , however , when 
they are separated from hydrobromic acid solutions that are 
saturated with hydrogen bromide . The anions in the two compounds 
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TABLE XXXV 
BOND LENGTHS OF OXOBROMOMOLYBDATE( V ) COMFDUNDS 
M -X M -X 
Compo und Mo = 0 (eguator ial2 (axial} Ref. 
(NH4\Mo0Br S 
1.86 2 . 55 (Br ) 2 . 8J (Br ) 2 0  
( phen) 4NMo0Br4( H20 )  1 . 78 2 , 52 (Br ) 2 , J 9 (H20 )  20  
( pyrHMoOBr4) n 1 . 71 2 , 52 (Br )  2 . 31 (0 ) 99 
are probably similar to the structure proposed in this study for 
the monomeric form of Species A ( Table XXXII , page 222 ) . An 
X -ray crystallographic study of a related compound , 
(phen) 4NMo0Br4(H20 ) , indicated that the anion has this structure 
( Table XXXV). 
1 .  Infrared Absorption Spectra 
The infrared absorption spectra of both ( cH
3






0 )  ( Appendix , Figures 67 and 68)  show a 
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-1 single strong molybdenum-oxygen stretching band at about 9 80 cm 
The molybdenum-bromide stretching frequency is too low to be 
recorded using the instrument availab le , but the high frequency 
-1 side of the band appears to be present below 270 cm Comparison 
of the spectra of the two compounds with the spectrum of a 
potassium bromide pellet ( Appendix , Figure 81) indicates that 
absorption below 2 70 cm-l is at least partly attributable to the 
sample. 
-1 The water-oxygen stretching and bending bands at 3550 cm 
-1 and 1590 cm are more like those shown by water crystalliza-
-1 tion , than those shown by coordinated water at 2990 cm and about 
400 cm -1 . 52 But in a similar compound , (phenN ) 4NMo0Br4(H2o ) , the 
water is weakly coordinated opposite the terminal molybdenum-oxygen 
20  bond. The bond is  apparently too weak to significantly alter the 
oxygen-hydrogen bonds on the coordinated water . It does , however , 
cause the oxygen-hydrogen bending frequency to be slightly lower 
than what would be normally expected for water of crystalliza­
tion . 91 
2 .  Diffuse Reflectance Spectra and Electronic 
Absorption Spectra 
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The diffuse reflectance spectra and electronic absorption 
spectra of  ( cH
3
) 4NMo0Br4(H2o )  and ( cH3 ) 3phenNMo0Br4(H2o )  indicate 
that the compounds have structures much like that of Species A 
in hydrobromic acid . The bands shown by the solid electronic 
absorption spectrum are much sharper than those shown by the 
diffuse reflectance spectra , probably because dilution in potassium 
bromide reduces intermolecular interactions in the pure compounds. 
The diffuse reflectance spectra of  these compounds show a 
shoulder at 436 nm that is not observed in their solution o r  solid 
electronic absorption spectra . It may be analogous to the 446 nm 
band shown by molybdenum ( V ) solutions in concentrated hydrochloric 
acid . The band , attributed to a transition between the d orbital xy 
and an equatorial molybdenum-halide u *  antibond, is not o bserved 
in the spectra of concentrated hydrobromic acid solutions . It is 
thought to be covered by the 414 nm band . 19 
J . Electron Spin Resonance Spectra 
The electron spin resonance spectrum of a solid undiluted 
sample of  ( cH
3
) 4NMoOBr4( H20 )  shows a general resemblance to the 
spectrum of Species A in concentrated hydrobromic acid , but the 
signal is weak , broad and has a lower g value. This is probably 
caused by intermolecular interactions , because dilution in 
potassium bromide causes the signal to become sharper and its 
g value increases slightly . 





phenNMoOBr4(H2o )  is  considerably different , even though 
its diffuse reflectance and solid absorption spectra are about 
the same . This indicates that the unpaired d o rbital in the xy 
[Mo0Br4
(H2o )J - anion is more sensitive to its surroundings than 
are the bonding orbitals .  The different electron spin resonan ce 
spectrum might result from a different crystal structure , a more 
bulky cation or by interaction of the d orbital with the xy 
aromatic phenyl group. The rather large half widths suggest a 
significant degree of intermolecular interaction . 
Tetrabutylammonium Oxotetrabromomolybdate(V) 
281 
The anhydrous compound , ( c4H9 ) 4NMo0Br4, is different from the 
other oxo tetrabromomolybdate(V ) compounds because one of the 
coordination po sition s is vacant. It is probably oppo site the 
terminal molybdenum-oxygen bond because ligands in this po sition 
are generally more weakly held than are the equatorial ligands . 
Also , the axial po sition is the only coordination position on an 
oxomolybdate(V ) compound that has ever been proved to be vacant 
by X-ray crystallographic analysis.
20 When ( c4H9 ) 4NMoOBr4 is 
precipitated, the bulky o rganic groups apparently cover the axial 
po sition in such a way that water can not remain coordinated 





, was reported by Brisden and Edwards. 17 
1. Infrared Absorption Spectra 
The infrared absorption spectrum of (c4H9) NMo0Br4 (Appendix, 
Figure 69) shows a single strong molybdenum-oxygen stretching  
- 1  band at 1005 cm , an unusually high frequency. It indicates a 
slightly stronger molybdenum-oxygen bond, probably resulting 
from the vacant position opposite it. Bishop49 reported that 
a similar compound that contains water, (c4H9) 4NMoOBr(H2o) , shows 







NMo0Br4 shows a molybdenum-bromide stretching band at 
281 cm-1, which indicates that the molybdenum-bromide bond is also 
slightly stronger. The spectrum shows weak bands at J440 cm-l 
and 1578 cm-1, indicating the presence of a small amount of weakly 
coordinated water. 
2. Diffuse Reflectance and Solid Electronic 
Absorption Spectra 
The diffuse reflectance and solid electronic absorption 
spectra of (c4H9) 4NMoOBr4 are about the same as those shown by 
the oxotetrabromoaquomolybdate(V ) compounds. The most significant 
difference is the position of the highest wavelength band. The 
band is attributed to a transition between the terminal molybdenum-
oxygen TT bonds and the d xy b · t 1 
19, 25 or i a .  The increased energy 
of this band may result because the absence of an axially 
coordinated water molecule causes the terminal molybdenum-oxygen TI 
b onds to be slightly stronger . I t  might also affect the d xy 
orbital which seems to be able to interact with axial ligands . 
J .  Electron Spin Resonance Spectra 
The electron spin resonance spectrum of  ( c4H9 ) 4NMo0Br4 
indicates that the absence of a ligand in the position opposite 
the terminal molybdenum-oxygen bond has a significant influence 
on the unpaired d electron . The spectrum is unusual in that the xy 
symmetry and positio n of the main signal is similar to that shown 
by the spectrum of a molybdenum ( V ) solution in concentrated 
hydrochloric acid . The signal is very sharp and intense , and it 
is no t changed significantly by dilution of the sample .  This 
indicates that the unpaired electro n in this compound is probably 
affected less by intermolecular interactions than in any of the 
other oxobromomolybdate( V )  compounds prepared in this study. 
The absence o f  significant intermolecular interactions by the 
unpaired electro ns may be due to the large amount of space taken 
up by the tetrabutylammonium catio n . The above observatio ns 
suggest that the g values shown by monomeric oxomolybdate( V )  
compounds may be higher than those o f  oxochloromolybdate( V )  
compounds because of  1 r  interactions between the unpaired electro n 
and the ligand opposite the terminal molybdenum-oxygen bond. 
Ammonium Oxopentabromomo lybd_a_t_e_.__V.._�an_d 
Anilinium Oxo entabromomo l bdate V 
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Two of the oxopentabromomo lybdate (V )  compounds prepared in 
this study , (NH4) 2Mo0Br5 and ( ani1H) 2Mo0Br5 , are separated from 
hydrobrornic acid so lutions saturated with hydro gen bromide. Unlike 
the monomeric oxo tetrabromomo lybdate (V ) compounds ,  these  compo unds 
can be prepared only when the acid concentration is 9 M o r higher . 
Compounds of this type seem to b e  favo red when the cation is an 
inorganic ion o r  primary , secondary o r  tertiary amine catio n . 19 
An X -ray crystallo graphic analysis of (NH4) 2Mo0Br5
20 ( Tab le 
XX.XV ) indicated that the axial mo lybdenum -bromide bond is 
considerab ly weaker than the o ther mo lybdenum-bromide bonds. I t  
also indicated that the presence of an axially co ordinated b romide 
ion results in slightly weaker terminal mo lybdenum-oxygen and 
mo lybdenum-bromide bonds. 
1. Infrared Absorption Spectra 
The infrared absorption spectra of (NH4) 2Mo0Br5 
( Appendix , 
Figure 70 )  shows two very clo sely spaced mo lybdenum-oxygen 
stretching bands instead of one. The infrared absorption spectrum 
of Cs2Mo0Br5 has also been repo rted to show two mo lybdenum -oxygen 
48 stretching bands, but the spectrum of (ani1H ) 2Mo0Br5 ( Appendix, 
Figure 71 )  shows only one band. Perhaps this is caused by 
interactions with the vibration s  of the axial bromide bond. O r ,  
the anions might b e  o riented in two co nfigurations that are 
affected differently by intermo lecular interactions. Abso rption 
below 2 80 cm -l indicates what appears to be the high wavelength 
half of a molybdenum-bromide stretching band . The infrared 




, has been 
reported to show a molybdenum-bromide stretching band at 253 cm -
1. 48 
-1 6 -1 The very weak bands at 3490 cm and 1 35 cm are probably due 
to moisture absorbed from the air , because they are not present 
in the spectra of nujol mulls of the compounds. 
2 . Diffuse Reflectance and Solid Electronic 
Absorption Spectra · 
The diffuse reflectance and solid electronic absorption 
spectra of ( NH4) 2Mo0Br5 and ( aniIB ) 2MoOBr5 are much different 
from the spectra of the monomeric oxotetrabromomolybdate( V )  
compounds . Comparisons of  the solid electronic abso rption spectra 
of the compounds with their stock chloroform solution spectra 
indicate that the solid spectra are attributable to the [Mo0Br
5
] 2 -
anion . Some intermolecular interactions are indicated by the 
diffuse reflectance spectra of the pure compounds . The bands 
in these spectra are much less distinct and the relative 
intensities of the bands are considerably different . Possible 
reasons for the different spectra shown by the [Mo0Br4(H2o ) ] -
and (Mo0Br
5J 2 - anions were given above in the discussion of  stock 
chlorofo rm so lutio ns . 
3 , Electron Spin Resonance Spectra 
The electron spin resonance spectra of solid (NH4 ) 2Mo0Br5 




are more intense and symmetrical than 
2 86 
the spectrum shown by ( cH
3
) 4NMoOBr4
( H2o ) . A po ssible explanation 
is that the presence of an axial bromide ligand reduces the ability 
of the unpaired electrons on adjacent anions to interact . Some 
intermolecular interaction in ( NH4) 2Mo0Br5 
is indicated , however , 
because dilution causes the signal shown by the compound to become 
sharper . The very broad , intense signal shown by ( ani1H) 2Mo0Br5 
appears to invo lve interactions with an adjacent aromatic c ation ,  
because dilution causes no significant change in its spectrum . 
Po ssible reasons for the slightly different electron spin resonance 
. -2 spectrum of  the [Mo0Br
5
] anion were given above in the dis cussion 
of sto ck chlo roform solutions .  
Axially Monoxobridged Oxotetrabromo­
molybdate(V ) Compounds 
The two axially monoxobridged oxotetrabromomo lybdate( V ) 
compounds ,  ( pyrHMoOBr4) n and ( quinHMoOBr4) n ' can be precipitated 
from hydrobromic acid only if the solutions are saturated with 
hydrogen bromide. The compounds have been prepared in a number 
of different studies , 17 1 74 , 75 but their oxobridged structures 
have not been recognized previously . The infrared absorption 
spectra of the two compounds ( discussed below) indicate that they 
both have the same basic s tructure . 
1. Structure of Pyridinium Catena-�-
oxotetrabromomolybdate(V) 
The structure of  ( pyrHMoOBr4) n 
was determined by W . P .  Jensen, 
99 et al. ,  using single crystal X -ray diffraction analysis. This 
work was done to confirm the suspected existence of an axial ly 
monoxobridged oxotetrabromomoly1x:late ( V )  anion in the compound , 
and show that an axially monoxobridged oxomolybdate ( V )  species 
in hydrobromic acid is feasible .  
The structure of ( pyrHMoOBr4) n is shown in Figure 66 , and 
interatomic distances and bond angles are given in the Appendix , 
Table I .  There is some uncertainty in the values given , because 
the thermal parameters for the structure have not yet been 
determined . The R value for the structure is 4. 8% . The compound 
is a linear axially oxobridged polymer of infinite len gth , and 
each oxomolybdate ( V )  unit in the structure has distorted octahedral 
symmetry . 
The lengths of the two molybd enum-oxygen bridge bonds on 
each molybdenum atom are much different . The shorter bond is 
1 , 71 A long , slightly less than the length of a terminal molybdenum­
oxygen bond [ 1 . 78 A for ( phen ) 4AsMoOBr4 (H2o )] . The other bridge 
bond is 2. Jl A long , much longer than an equatorial monoxobridge 
bond [ 1 . 86 A for Mo2o3 ( s2co c2H5 ) J  .
22 The molybdenum-bromide bond 
lengths are all 2 . 52 A ,  the same as in ( phen ) 4NMoOBr4(H2o ) . The 
pyridinium ion is located quite close to the oxobridge , and 
perpendicular to it. The position of the nitroGcn atom on the 
aromatic ring can not be determined from the available data. 
The close proximity of the pyridinium ion indicates that it 
is probably involved in the bonding system in some way. This is 
also indicated because the strength of the shorter molybdenum-
oxygen bridge bond is about the same as that of the terminal 
Figure 66 . Structure of  ( pyrtfrioOBr 4) n ,  
molybdenum-oxygen bridge bond in the [Mo0Br4(H2o )]
- anion , 
( Table XXXV ) . It is likely that there is TI bonding between the 
pyridinium ion and the normally nonbonding d o rbital on the xy 
molybdenum . 
2 .  Infrared Absorption Spectra 
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The infrared abso rption spectrum of ( pyrHMoOBr4)n indicates 
its axially oxobridged structure (Appendix , Figure 74) . The very 
weak band at 974 cm-l indicates that a few terminal molybdenum­
oxygen bonds are present in the compound . The slightly more 
intense terminal molybdenum -oxygen stretching band shown by the 
spectrum of a very finely divided sample of ( pyrHMoOBr4)n 
(Appendix , Figure 75) is probably caused by the partial disruption 
of the molecular structure of the compound. 
-1  The strong band at 878 cm is probably an oxobridge stretch-
ing vibration involvin g both molybdenum-oxygen bridge bonds . It 
is no t attributed to the shorter of the two bonds because it was 
shown above to have the same bond length as that of a terminal 
molybdenum-oxygen bond . -1 . The band at 294 cm is attributed to 
another molybdenum-oxygen b ridge stretching vibration . Its 
freQuency is too high for it to be a mo lybdenum-bromide stretching 
band , because the mo lybdenum-bromide bond length in the compound 
is about the same as that of ( NH4) 2Mo0Br5 ( Table XXV ). It is 
- 1  -1 suggested that the 878 cm and 294 cm bands are asymmetrical 
and symmetrical oxobridge stretching bands , respectively . These 
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bands may be analogous to the two oxobridge stretching bands 
shown by some equatorially monoxobridged molybdenum(V) compounds. 
The shoulder at 8J0 cm-l may be a long chain vibration, 
because the spectrum of the more finely divided sample of 
(pyrHMo0Br4) n does not show this band. The shoulder below 
270 cm-l may be the high frequency side of the molybdenum-bromide 
stretching vibration. 
2. Diffuse Reflectance and Solid Electronic 
Absorption Spectra 
The diffuse reflectance spectrum of an unaltered sample of 
(pyrHMo0Br4) n (Figure 60, page 2 08) is similar to the spectrum 
of (NH4) 2Mo0Br5, except for the 85
2 nm band, which is at a much 
higher wavelength. The band is attributed to a transition from 
the d orbital to a molybdenum-oxygen TI* antibond �
9 , 25 The xy 
much lower energy of the band may be caused by weak TI bonding 
between the pyridinium ion and the d orbital. The similarity xy 
of the spectrum to that of (NH4) 2Mo0Br5 indicates that the local 
symmetry of the molybdenum atom in the polymeric compound is 
probably close to that in the [Mo0Br5]
2- anion. 
The diffuse reflectance spectrum of an unaltered sample of 
(quinHMo0Br4) n (Figure 59, page 222) indicatcG an electronic 
structure that is intermediate between that of (pyrHMo0Br4) n 
and (cH3)4NMoBr4(H2o). The slightly different spectrum provides 
further evidence that the compound is not polymerized to the 
extent that (pyrHMo0Br4) n is. 
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The diffuse reflectance and solid electronic absorption spectra 
of ( pyrHMoOBr4) n and ( quinHMoOBr4) n 
also indicate that when 
crystals of  the compounds are finely divided , the structures of  
the compounds become more like that of the [Mo0Br4(H2o )]
- anion. 
The blue shift by the highest wavelength band indicates a decrease 
in the TI bonding with the d orbital , indicated to be likely in xy 
the unaltered samples . The large but inconsistent changes in the 
positions of the o ther bands indicate that there are interionic 
interactions involving o ther molecular orbitals . 
The procedure for grinding samples used in this study would 
not be expected to cause the complete breakup of the axially 
polymerized compounds . Very finely divided po tassium bromide, 
for instance, contains particles that are about 5000 i in diameter . 99 
Instead , the change in the spectrum pro bably results from inter­
actions between the molybdenum atoms and the aromatic cations . 
This suggests that if there are no strong interionic interactions 
with the aromatic cations , the axially monoxobridged anion has 
an electronic absorption spectrum resembling that of the 
[Mo0Br4(H2o �  - anion. This is in agreement with the suggestion 
given previously that an axially monoxobridged oxo tetrabromo ­
molybdate( V )  compound in solution shows an electronic abso rptio n  
spectrum much like that of  the [Mo0Br4(H2o )
J - anion. 
J . Electron Spin Resonance Spectra 




n shows a signal that is very broad and highly 
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distorted. Of the two possible g values assigned to it , the 1 , 933 
value is probably more accurate because it is close to the g value 
shown by a powdered sample. Comparison of the spectrum of an 
unaltered sample and the spectrum o f  a powdered sample indicates 
there are strong interionic interactions involving the unpaired 
d electrons. The symmetry o f  the signal suggests that there is TI xy 
bonding between the d o rbitals and adjacent aromatic cations. xy 
The higher g value shown by a sample diluted in potassium bromide 
indicates that the d orbital has an environment more like that in xy 
the [Mo0Br4]
- anion , but the very broad signal indicates that strong 
interactions still o ccur . The high g value shown by the spectrum of 
( quinHMoOBr4) n may be due to  a small number of molybdenum atoms 
that are not in close pro ximity to quinolinium cations. 
Compounds that are not Prepared in Very 
Concentrate1 Hydrobromic A cid 
V and 
date V 
Two of the oxopentabromomolybdate( V )  compounds , ( quinH ) 2Mo0Br5 
and dipyH2MoOBr5
, are prepared in 6 M and 9 M hydrobromic acid ,  
respectively. At higher acid concentrations there is a tendency 
for oxotetrabromomolybdate( V )  compounds to form , especially in 
the case of ( quinH) 2MoOBr5
. The elemental analyses and the 
infrared absorption spectra o f  these compounds indicate that they 
contain the [Mo0Br
5
] 2 - anion. But the diffuse reflectance spectra , 
solid electronic absorption spectra and electron spin resonance 
293 
spectra of the solid compounds indicate a considerably different 
74 structure . Two related compounds , ( pyrH) 2MoOBr5 
and 
o-phenH2MoOBr5
, 70 are al so prepared in hydrobromic acid that 
is not saturated with hydrogen bromide . 
1 .  Infrared Absorption Spectra 
The infrared absorption spectra of (quinH) 2Mo0Br5 
and 
dipyH2MoOBr5 
show the same type of spectrum as do ( NH4) 2Mo0Br5 
and ( ani1H ) 2Mo0Br5
. The molybdenum -oxygen stretching bands are 
about the same , except that their frequencies are slightly higher . 
Weak band s at about J400 cm-
l are attributed to a small amount of 
water absorbed from the air , since the band s are not visible in 
the spectra of nujol mulls of the compounds .  As in the spectra 
of ( NH4) 2Mo0Br5 
and ( ani1H ) 2Mo0Br5
, there appear to be molybdenum­
bromide stretching bands below 260 cm -1 . The quinolinium and 
2 , 2 -dipyridylium band s are about the same as the bands shown by 
their bromide salts , indicating the compounds do not contain 
coordinated quinoline and 2 , 2 -dipyridyl . 
2 .  Diffuse Reflectance Spectra and Solid 
Electronic Absorption Spectra 
The diffuse reflectance spectra of ( quinH) 2MoOBr5 
and 
2 , 2 -dipyH2Mo0Br5 
seem to indicate that the compounds contain the 
[Mo0Br4]
- anion instead of the fMoOBr
5
J2- anion . This is most 
clearly demonstrated by the diffuse reflectance spectrum of 
(quinH) 2MoOBr5
, which is the same as the spectra of the 
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oxotetrabromoaquomolybdate (V )  compounds. The spectrum of 
dipyH2MoOBr5 may be slightly different because of interionic 
interactions with the 2 , 2 -dipyridylium cation . Perhaps the 
quinolinium and pyridinium cations are weakly coordinated opposite 
the terminal molybdenum-oxygen band. If this is the case , the 
structures of the compounds are more accurately expressed as 
quinHMoOBr
4
( quinHBr ) and dipyH2BrMo0Br4
. This would help explain 
why the quinolinium and pyridiniurn cations precipitate 
oxopentabromomolybdate (V ) compounds when the acid concentration 
is relatively low , whil e they precipitate polymeric oxotetrabromo­
molybdate (V ) compounds when the acid concentration is high. 
When the compounds are diluted in potassium bromide and pressed 
into pellets ,  their electronic absorption spectra take on more 
of the appearance of the spectra of  (NH
4
) 2Mo0Br5 and 
( ani1H ) 2Mo0Br5
. This indicates the possibl e formation of the 
[Mo0Br
5
]2 - anion by reaction with the potassium bromide. The 
spectrum of dipyH2Mo0Br5 shows broad absorption at 372 nm , as 
does its diffuse reflectance spectrum. This suggests that there 
are interactions between the oxomolybdate ( V )  and quino linium ions. 
J . Electron SEin Resonance SEectra 
The electron spin resonance spectrum of ( quinH ) 2Mo0Br5 






( H20 ) , 
indicating that it has a similar structure. The sharpness of 
the signals indicates that interactions between unpaired electro ns 
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in the compound are minimal . The presence of two signals , however ,  
indicates possib le interactions between the unpaired d e lectrons xy 
and an adjacent quino linium ion . The dependence of the two 
signals on the crystal orientation may be caused by the resulting 
loss of symmetry of the d orbital . The electron spin resonance xy 
spectrum of dipyH2Mo0Br5 shows a very broad , but fairly strong  





phenNMo0Br4(H2o ) , the crystals of the compo und are too 
small to determine if the spectrum is dependent on the orientation 
o f  the sample . 
�-Oxo -bis (oxodibromo(2, 2 -dipyridyl)mo lybdenum(V)] 
The monoxobridged compound , Mo2o3
Br4dipy2 , was prepared in 
about 6 M hydrobromic acid to provide information concerning the 
molybdenum ( V ) species present at that concentration . A similar 
compound was prepared using a procedure reported previously to 
help confirm the structure o f  the compound . But the infrared 
absorption spectra and electronic absorption spectra , discussed 
below, indicate that the structures of the two compounds may be 
slightly different . No conclusion has been made previously 
concerning the positions at which the different ligands are 
coordinated on these compounds . 
1 .  The Sample Prepared in Ethanol 
The sample o f  Mo2o3
Br4dipy2 prepared in ethano l shows an 
infrared absorption spectrum much like that reported for the 
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compound previously. JO The terminal molybdenum-oxygen stretching 
band at 960 cm-l ind icates that the terminal molybdenum-oxygen 
bond is sl ightly weaker than in the monomeric oxomolybdate( V )  
compounds . There also appears to be a molybdenum-bromide stretch-
6 -1 ing band below 2 0 cm . 
Band assignments for the asymmetrical oxobridge stretching 
vibrations were made by comparing the spectrum of Mo2o3
Br4d ipy2 
to the spectra reported for the two monomeric oxobromomolybdate(V )  
isomers of Mo0Br
3
dipy . 30 The bands that appear to be attributable 
-1 to asymmetrical oxobridge stretching vibrations are at 788 cm 
-1 and 749 cm . A comparison of the infrared absorption spectrum 
with that of 2 , 2 -dipyridyl ind icates that a band at 463 cm-
l 
may be a symmetrical oxobridge stretching band. The positions 
of these bands correspond well with those reported for other 
monoxobridged oxomolybdenum (V ) compounds . 
The presence of carbon-hydrogen bending bands at 657 cm -1 
649 cm-1 , 637 cm-
l and 72 8 cm-l ind icate that the 2 , 2 -d ipyridyl 
is coordinated to the molybdenum in the compound . 36 This is also 
indicated by the absence of a nitrogen-hydrogen stretching band 
-1 at 2820 cm . Also , the carbon-hydrogen bending band shown at 
-1 613 cm by dipyH2MoOBr5 and dipyH2Br2 is absent . 
The electronic absorption spectrum of Mo2o3Br4dipy2 in a 
potassium bromide pellet is the same as the diffuse reflec tance 
spectrum of an undiluted sample reported previously . JO The 
similar spectra indicate that there is very little intermolecular 
interaction in the compound . The spectrum is typical of  a 
monoxobridged molybdenum ( V )  compound , and it is different from 
all of the electronic absorption spectra shown by molybdenum ( V )  
solutions in hydrobromic acid . 
2 .  The Sample Prepared in H_ydrobromic Acid 
The sample o f  Mo2o3Br4dipy2 prepared in hydrobromic acid 
shows an infrared absorption spectrum that is about the same as 
that shown by the sample prepared in ethanol, except for the 
asymmetrical oxobridge stretching band . The band frequency is 
1 -1 78J cm- , 6 cm lower than in the spectrum of the compound 
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prepared in ethanol . The difference in the position o f  this band 
indicates that the compound prepared in hydrobromic acid may have  
a structure that is slightly different from that of  the compound 
prepared in ethanol .  
A slightly different structure is also indicated by the solid 
electronic absorption spectrum of  the sample prepared in hydro ­
bromic acid . The spectrum is about the same, but the band 
positions are slightly different . The electron spin resonance 
spectrum o f  the compound indicates that it is paramagnetic . 
This is unexpected, because the compound prepared in ethanol has 
been reported to be diamagnetic . 31 The very broad signal and its 
complex symmetry suggests that there are strong interactions  
between the d orbital and the aromatic ligands . xy 
The slight differences in the el ectronic absorption spectra 
shown by the two samples of  Mo2o3Br4
dipy2 may result from 
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differences in  the po sitions at  whi ch the 2, 2-dipyridyl is  
coordinated . There are 15 possib le geometric  isomers of the 
compound . Some clues concerning the structure of the compound 
are indi cated by the proposed structure of Species D ,  whi ch has 
been indicated above to be predominant in con centrated 
mo lybdenum ( V )  so lutions in 6 M hydrobromic acid . The reaction of 
2 , 2-dipyridyl with the dimer i c  form of Species D i s probab ly 
that shown below . If this  reaction is  correct , it  ind i cates that 




the 2 , 2 -dipyridyl is probab ly coordinated in the axial po sition 
oppo site the terminal mo lybdenum-oxygen bond and in an e�uato rial 
po sition cis to the mo lybdenum-oxygen bridge bond . 
pi-�-oxo -bis (oxobromo(2 , 2 -dipyridyl)molybdenum(V )] 
The dioxobridged compound , Mo2o4Br2dipy2 is precipitated 
from a dilute hydrobromi c  acid so lution that results from the 
hydrolysis of dipyH2MoOBr5 
in water . I ts structure provides 
evidence con cerning the mo lybdenum to bromide ratio s in the 
mo lybdenum (V ) species in dilute hydrobromi c  acid . It  also 
indicates that at least some of  them are dioxobridged mo lybdenum ( V )  
compo unds . 
The infrared absorption spectrum of Mo2o4Br2dipy2 is  about 
the same as that reported previously fo r the compound by Saha 
and Banerjee . JO The relative ly low terminal mo lybdenum-oxygen 
stretching band frequency of 956 cm -l indicates that the bond is 
There is no indication 
-1 of a mo lybdenum-bromide stretching band below 260 cm . Perhaps 
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the presence of two dioxobridges results in a weaker bo nd , causing 
the band to be  at a lower frequency . 
The so lid e lectronic absorption spectrum of Mo2o4Br4dipy2 
is the same as a diffuse reflectance spectrum of the undiluted 
compound reported by Saha and Banerj e e . JO The similar spe ctra 
indicate that Mo2o4Br2dipy2 has very little intermo lecular 
interaction . The e lectron spin resonance spectrum of the compound 
indicates that it is essentially diamagnetic , as has been reported 
previously . JO The reaction forming this compound after the 
initial hydro lysis of dipyH2Mo0Br5 
in water may be that shown 
below . If this reaction  is correct , the 2 , 2-dipyridyl is most 
0 0 
Brdipy"o/0 DoBrdipy 1 
'a.,,, 
+ 4 H20 
likely coordinated opposite the terminal mo lybdenum-oxygen bonds 
and in two of the four equatorial positions . 
The Product Pre cipitated from a Mo lybdenum(V) So lution in Ethy Ether 
The elemental analysis of the precipitate that resulted from 
the addition of  an equimo lar amount of 2 , 2 -dipyridyl to a 
JOO 
molybdenum ( V )  solution in ethyl ether indicates that it is a mixture 
of two or more different compounds. The solid has a molybdenum 
to bromid e to 2 , 2 -dipyridyl ratio of 1. 00 to 2. 05 to 1. 25 . Ther e 
is also an excess of hydro gen in the mixture ; the ratio of 
molybdenum to excess hydrogen is 1. 00  to 0. 41. This suggests that 
the 2 , 2 -dipyridylium cation is also present. 
The infrared absorption spectrum and the so lid electronic 
absorptio n spectrum of the compound also indicate that it is a 
mixture . The infrared absorption spectrum shows three widely 
separated terminal molybdenum-oxygen stretching bands instead of  
-1  one. The band at 963 cm is close to that shown by the spectrum 
of Mo2o3
Br4dipy2. No asymmetrical o xobridge stretching band is 
visible , but it might be covered by the carbon -hydrogen bending 
band at 764 cm-1. A weak band at 458 cm
-l may be a symmetrical 
oxobridge stretching vibration . 
The terminal molybdenum-oxygen stretching bands at 932 
and 901 cm -l are probably attributable to a molybdenum(VI ) 
-1 cm 
compound with two terminal molybdenum-oxygen bands. Molybd enurn( VI ) 
comJX)unds of this type often show two terminal molybdenum-o xygen 
stretching bands, at slightly lower frequencies . In the solid 
electronic abso rption spectrum , the inten�e  absorption in the 
ultraviolet region and the shoulder at 415 nm are probably 
attributabl e to the compound. Many molybdenum ( VI )  compounds 
of this type absorb strongly only in the ultraviolet region. 32 
30 1  
Bands that appear to be attributable t o  Mo2o3
Br4dipy2 are also 
present. 
-1 Th e presence of carbon -hydrogen bending bands at 654 cm 
-1  -1  -1 649 cm , 634 cm and 734 cm in the infrared absorption spe ctrum 
indicate the presence of  coordinated 2, 2 -dipyridyl.
18 But a 
-1 carbon -hydrogen bending band at 6 19 cm and a nitrogen hydrogen 
stretching band at 2582 cm-l indicate that the 2, 2-dipyridylium 
cation is also presen t . There is a band below 260 cm-l that might 
be a mo lybdenum-bromide stretching band . 
The main component of the mixture may be a mo lybdenum ( VI ) 
compound with the structure ,  Mo02Br2dipy. A comparison of  the 
-1 -1 -1  932 cm and 901 cm bands with the weaker 963 cm band suggests 
that about half of the mo lybdenum is in this form. The presence 
of this compound demonstrates that a mo lybdenum ( V) so lution in 
ethyl ether is highly susceptable to oxidation . The o ther major 
component in the so lid is pro bably an isomer of Mo2o3
Br4dipy2 
that shows oxo bridge stretching bands that have frequencies that 
are lower than those shown by the o ther two isomers prepared in 
this study. Some 2 , 2 -dipyridylium bromide , unreacted 2, 2 -dipyridyl 
and water may also be presen t. The exact composition of the 
mixture is not proposed be cause there was no t enough sample to 
obtain a precise elemental analysis for bromine. 
J 02 
Tetraoxotetrahydroxooctabromoaquotetramo lybdenum(V) 
nature indicates that it has a rather unusual structure. Since 
it contains only four ligands per mo lybdenum atom, it must be a 
dimer or a po lymer. The formula given above for the compound is 
based on  formulas reported previously for similar compounds, 75 
but there is some indication that it might not be accurate. The 
water in the compound does not appear to be moisture absorbed 
from the air because the elemental analysis o f  two different 
samples prepared in the same way indicate a water to molybdenum 
ratio o f  1 to 4 .  
The infrared absorption spectrum o f  the compound indicates 
that it has a terminal mo lybdenum-oxygen bond with a stretching 
-1 frequency o f  952 cm . It also shows a band at 764 cm-l that 
appears to be a mo lybdenum-o xygen bridge stretching band. The 
band can not be attributed to a hydroxobridge stretching vibration 
because hydroxobridged chromium ( VI ) compounds absorb at about 
570 -1 60  cm . ' 61 No bands attributable to axial oxobridge vibrations 
are present . The terminal mo lybdenum -oxygen stretching band at 
-1 916 cm may be due to the presence o f  a mo lybdenum ( VI )  compound 
that resulted from partial decomposition. A small amount o f  water 
-1 -1 is indicated to be present by weak bands at J400 cm and 1560 cm 
The rather low frequency o f  the latter band indicates that the 
water may be weakly coordinated to a mo lybdenum atom. The compound 
probably does not contain coordinated hydroxo groups , because 
the spectrum does not show the characteristic oxygen-hydrogen 
-1 -1 9 1  stretching bands at J400 cm and 1050 cm . 
The diffuse reflectance spectrum o f  the compound is much 
different from any spectra obtained in this study or in the 
literature .  The indistinct spectrum suggests a great deal o f  
intermo lecular interaction in the compo und . The el ectron spin 
resonance spectrum of  the so lid compound is very weak , also 
indicating intermo lecular interactions . However , the compo und 
appears to be paramagnetic , because a stock chloroform so lution 
o f  it shows an e lectron spin resonance spectrum . 
The above o bservations indicate that the correct formula 
J0J 
of  the compound is probably H4Mo4o s13r8(H2o ) , rather than 
Mo4o4(oH) 4Br8(H2o ) . The compound appears to have an oxobridged 
structure ,  but one much different from other monoxobridged or 
dioxobridged compounds prepared in this study or reported in the 
literature .  This is indicated by its great sensitivity to 
hydro lysis and oxidation , as well as its infrared , electronic 
absorption and electron spin resonance spectra. Another unusual 
characteristic of the compo und , described above , is its reaction 
in ethyl bromide to form a dihydroxobridged compound . Based on 
the above information , the compound might have the structur e shown 
be low . 
0 0 
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In the above structure, each molybdenum atom would have a 
bonding system comparable to that in a dioxobridged oxomolybdenum ( V )  
compound , except that there would b e  no metal-metal bond invo lving 
the unpaired d orbitals . The absence of  this bond would explain xy 
why the compound is paramagnetic in solution . 
The compound would be transformed into two dihydroxobridged 
mo lybdenum( V )  compounds in ethyl bromide by protonation o f  the 
bridging oxygens , followed by the breaking o f  the more weakly bonded 
hydroxobridges . 
SUMMARY 
This study has indicated that mo lybdenum ( V )  so lutions in 
hydrobromic acid are quite complex . The structures of the different 
mo lybdenum ( V )  species and their equilibria that are proposed can 
not be " proved" , but they are consistent with most of  the available 
data . More detailed studies of mo lybdenum ( V )  species in non­
aqueous so lutions might provide more information concerning the 
structures and equilibria that are present in hydrobromic acid 
so lutions . Additional work with electron spin resonance spectra 
of hydrobromic acid so lutions would also probably be useful . 
It was demonstrated in this study that a wide variety of  
mo lybdenum ( V )  compounds can be  precipitated from 6 M to 13 . 5  M 
hydrobromic acid , and that the structures are more dependent on  
the . cation used than on the acid concentration . The existence o f  
five different types o f  o xobromomo lybdate( V )  compounds has been 
indicated by the electronic absorption spectra, electron spin 
resonance spectra and the infrared absorption spectra. 
A possible structure for the redox active mo lybdenum( V )  species 
in model systems is indicated by this study . It is likely that 
the proposed redox active intermediate between a redox inactive 
monomer and a redox inactive dioxobridged dimer has a dihydroxo ­
bridged structure like that of Species D .  Dihydroxobridged 
mo lybdenum( V )  compounds have been reported to be very sensitive to 
J06 
to oxidation , as is the molybdenum ( V )  species analogous to Species 
D in ethyl ether . 
APPENDIX 
TABLE XXXVI 
ELECTRONIC ABSORPTION SPECTRA OF 8 . 7 M HYDROBROMIC ACID SOLUTIONS 
Compound Con e . Band Wavelengths (nm) and Mo lar Extinction Co efficients 
( cH
3 ) 4NMoOBr4(H20 )  
1 . 03 X 10-
4 M 240 292sh 375 413 470 700 
( 13 , 100 )  ( 4210 ) ( 3104) ( 3916 ) ( 613 ) ( 29 )  
( c4H9 ) 4NMoOBr4 5, 97 X 10 -
4 M 242 290sh 374 411 469 700 
( 11 , 250 ) ( 392 0 )  ( 2600 ) ( 3410 ) ( 545 ) ( 14)  
( pyrHMoOBr4) n 2 . 20 X 10-
4 M 242 290 374 413 471 700 
( 9000 ) ( 4448) ( 3045)  ( 4011 ) ( 645 ) ( 18) 
( quinHMoOBr4)n 9 . 48 X 10 -
4 M 242 311 375 413 469 700 
( 2 1 , 000 ) ( 9590 )  ( 3110 ) ( 4090 )  ( 638) ( 2 0 )  
( NH4) 2Mo0Br5 9 , 39 X 10
-4 M 242 290sh 374 411 470 700 
( 13 , 430 )  ( 4600 ) ( 3097 ) ( 4062 ) ( 645 )  ( 18)  
( anilH)  2Mo0Br 5 1 . 11 X 10
-3 M 242 290sh 374 412 470 670 





ELECTRONIC ABSORPTION SPECTRA OF ANHYDROUS ETHANOL-HYDROGEN BROMIDE SOLUTIONS '° 
HBr 
Cone . .Mo�V} Cone . Band Wavelengths and Mo lar Extinction Co efficients 
6 M -2 1 . 00 x 10 M 718 ( J0 . 8) 
6 M -4 338sh(4380 )  J82 sh( 1920 ) 41J ( 1830 )  472 ( 160 ) 4 . 00 x 10 M 
350sh( 4090 ) 
6 M 8 , 00 x 10-
5 M JJ8sh( 167o j 382sh( 830 )  413 ( 840 ) 
350sh( 1550 
4 . 6 M -2 1 . 00 x 10 M 711 ( 18 . 4) 
4 . 6  M -4 4 . 00 x 10 M 293sh( 1670 ) 377 ( 1640 ) 415 ( 1940 ) 476 ( 250 )  
3 , 5  M -4 6 . 69 x 10 M 292sh( 1640 ) 378 ( 1630 ) 416 ( 2290 ) 480 ( 197 ) 722 ( 13 )  
1 . 9 M -2 1 . 06 x 10 M 707 ( 17 . 0 ) 
-4 263 ( 1590)  377 ( 453 413 ( 294) 455 ( 166 ) 1 . 9 M 2. 65 x 10 M 
280sh( 1460)  475sh( 154) 
3 15 (  196 ) 
1 . 2 M 9 , 93 x 10 -3 M 708 ( 20 . 5 )  
72lsh( 19 . 6 ) 
1 . 2 M -4 245 ( 2 170 ) 378 ( 920 ) 415 ( 734) 454( 260 ) 1 . 99 x 10 M 
290sh( 925 ) 478sh( 220 ) 
1 . 05 M -2 1 . 07 x 10 M 705 ( 2 1 . 8 ) 
72lsh( 2 1 . 5 ) 
1 . 05 M -4 3 . 12 x 10 M 
0.50 M 9 . 42 x 10-J M 
0 . 50 M -4 1 . 19 x 10 M 
0 . 008 M -2 1 . 00 x 10 M 
0 . 008 M -4 1 . 00 x 10 M 
377(3940 ) 413(2610)  
303(1890 ) 
298(1890 ) 
454( 1380 ) 
475sh(1380 ) 
450(161)  
720(14 . 5 ) 





2 . 25 x 1 0 -3 M 
TABLE XXXVIII  
ELECTRONIC ABSORPTION SPECTRUM OF  AN  ETHYL 
BROMIDE SOLUTION OF Mo4o4(oH) 4Br8 ( H2O ) 
Absorption Bands 
295sh( 742 0 ) 359 ( 91 6 ) 450 ( 1 95 ) 
3 1 1 
72 0 (53 )  
TABLE XXXIX 
ELECTRONI C ABSORPTION SPECTRA OF PURIFIED CHLOROFORM SOLUTIONS 
So lution Band Wavelengths (nm) and Absorbance Values 
(cH3 )4NMoOBr4(H20) 243 
365 
1 cm path (1. 55 ) (0 . 071 )  
(c4H7 )4
NMo0Br4 
382 419 483 
1 cm path ( 1. 68)  
1 mm path (1 . 35) ( 1. 19) 
(quinHMo0Br4) n  230 
310sh , 316 402sh 430sh 
1 cm path 
1 mm path ( 1 . 68) (0. 273 , 0 . 287 )  
(NH4\Mo0Br 5 
247 380sh 
1 cm path (0.169 ) (0. 016 )  
( ani1H) 2Mo0Br 5 
237 420sh 
1 cm path (0. 108 )  







ELECTRONIC ABSORPTION SPECTRA OF PURIFIED CHOLOROFORM SOLUTIONS 
CONTAINING LOW CONCENTRATIONS OF WATER 
So lution Band Wavelengths (nm) and Absorbance Values 
( g_uinHMoOBr4)n 
(Excess water added ) 237 308sh , 3 16 394 465sh 
1 cm path ( 118 ) ( 0 . 067 )  
1 mm path ( 1 . 24) ( o.436 , 0.454) 
(NH4)2Mo0Br (Exposed to5water 
vapor ) 263sh 412 465sh 
1 cm path ( 0.109 ) ( 0. 069 ) 
1 mm path ( 0.231 ) 
( ani1H)2Mo0Br5 
(Moisture in sample ) 297sh 377 414 475 
1 cm path 
1 mm path ( 1 . 03 ) ( 0.478 )  ( 0.406 ) ( 0.134) 
690 






( 0 , 75% ethano l) 
1 cm path 
1 mm path 
( quinHMo0Br4)n 
( 0 . 75% ethanol) 
1 cm path 
1 mm path 
TABLE XLI 
ELECTRONIC ABSORPTION SPECTRA OF PURIFIED CHLOROFORM SOLUTIONS 
CONTAINING LOW CONCENTRATIONS OF ETHANOL 
24J 
( 1 . lJ ) 
Band Wavelengths (nm) and Absorbance Values 
J02 
( 0.395) 
31 0sh , 3 1 5 
( 1 .  6 5 , 1. 69 ) 
377 
( 0. 248) 
378 
( 0. 301 ) 
413 
( 0. 1 83) 
41 3 
( 0. 243) 
460sh 
( 0 . 653) 
467 
( 0. 498) 
695 
( 0 . 0 1 7) 
690 





(cH3 ) 4NMoOBr4(H20 )  
1 . 01  X 10 -J M 
( pyrHMoOB� �\ 
1 . 09 X 10 M 
(g_uinHMoOBr4)n 
1 . 02 X 10 -J M 
(NH4) 2Mo0Br5 
9 . 59 X 10-4 M 
(NH4)2Mo0Br5 
9 , 59 X 10 -4 M 
( 48 hr .  o ld )  
(NH4) 2Mo0Br5 
9 , 59 X 10 -4 M 
(20 da . o ld )  
(ani1H )2Mo0Br5 
9 . 88 X l0 -4 M 
TABLE XLII 
ELECTRONIC ABSORPTION SPECTRA OF STOCK ACETONITRILE SOLUTIONS 
247 
(10 , 700 ) 
2J8 
(15 , 200 ) 
249sh 
(11 , 100 )  
247 
(11 , JOO ) 
247 




(11 , 500) 
Band Wavelengths (nm} and Mo lar Extinction Coefficients 
293 J22sh J80 416 478 
(3610 ) (2270 ) (JJ40 ) (4600 ) (J57 ) 
292 J15sh J81 417 481 
(J870 ) ( 2750 ) (J470 ) (4790 ) (424) 
J05sh , Jll  J80 416 478 
(10 , 000 , 10 , 000)  (J200 ) (4470 ) (J98) 
294 J22sh J80 416 480 
(3720 )  (2240 ) (JJ70 ) ( 4640 ) (J66 ) 
294 J22sh J80 417 480 
(J780 ) (2200 ) (J260 ) (44JO ) (J48 ) 
291 3 77 414 477 
(J68o ) (2JJO ) (2740) ( 179 ) 
298 J22sh J81 415 480 











( 25 ) 
690 , 770sh 
(J2 , 28 )  
650 , 770sh 
(J0 , 2 7 )  
710 
(J7 )  
( quinH) 2MoOBr5 24Jsh 303 
1 . 03 X 10-3 M 
5 , 08 X 10 -4 M ( 14 , 500 ) ( 11 , 200 )  
dipyH2MoOBr5 240 302 
9 , 74 X 10 -4 M ( 17 , 200)  ( 17 , 000 ) 
dipyH2Mo0BrS 
242sh 302 
9 , 74 X 10 -4 M ( 16 , 800 ) ( 14 , 400 ) 
( 3 day o ld )  
381 413 
( 3240 ) ( 3680 ) 
379 415 
(3420 )  ( 474D ) 
380 413 
(2040 ) ( 3420 )  
468 , 530 
( 635 , 416 )  
477 
( 3 18 )  
478 , 520 
( 554 , 560 ) 
711 
( 113 ) 
720 
( 17 )  
720 





ELECTRON SPIN RESONANCE SPECTRA OF ACETONITRILE SOLUTIONS 
Center of Half 
� 
Width Signal 
Solution � {gaus� Intensity Value Comments 
(NH4) 2MoOBr5 3408 24 1. 987 
Signal broadening 
Mo (v) : 4 . 97 X 10-2 M 
above J408 G. 
Sto ck acetonitrile 
(NH4) 2MoOBr5 
J400 22 0 . 29 1.991 Most intense signal. 






ELECTRONIC ABSORPTION SPECTRA OF PURIFIED ACETONITRILE SOLUTIONS 
So lution Band Wavelengths (nm) and_Molar Extinction Coefficients 
(cH3 ) 4NMoOBr4(H20 )  241 293 3 19sh 3
81 417 484 
1 . 08 X 10 -3 M (11 , 900 ) (4350 ) (2170 ) (3910 ) (5590 ) (347 ) 
(c4H9 )4NMo0Br4 248 293 322 sh 380 416 482 
1 . 09 X 10 -J M (11 , 900 ) ( 4210 ) (2270 ) (3730 ) (5320 )  (320 ) 
(g_uinHMo0Br4) n 248 305sh , 311 381 417 484 
9 . 68 X 10 -4 M (12 , 000 ) (10 , 000 , 10 , 000 ) (3930 )  (5560 ) (352 ) 
(NH4) 2Mo0Br5 248 293 320sh 381 417 484 
l . lJ X 10-J M (12 , 100 ) (4520 )  (2420 )  (4060 ) (5730 ) (350 ) 
( ani1H) 2Mo0Br5 291 J20sh J80 416 482 
1 . 82 X 10-J M (4150 ) (2400 )  ( 4050 ) (5860 ) (357 ) 
(g_uinH ) 2Mo0Br5 
249 303sh , 312 380 416 482 
1 . 08 X 10 -3 M (12 , 500 ) (16 , 800 , 16 , 900 ) (3820 )  (5480 ) (332 ) 
dipyH2MoOBr5 246 JOl 381 416 482 
8 . 09 X 10-4 M ( 17 , 400 )  (18 , 100 ) (3670 ) (5250 ) (J40 ) 
725 
( 13 ) 
720 
( 19 ) 
720 
(20 )  
715 











ELECTRONIC ABSORPTION SPECTRA OF STOCK DIMETHYL SULFOXIDE SOLUTIONS 
Compound 
( NH4)2Mo0Br5 
( NH4\Mo0Br 5 
( NH4)2Mo0Br.5 
( cH3 ) 4NMoOBr4( H2o )  
Concentration 
1 . 01 X 10-2 M 
1. 00 X 1 0 -J M 
8. 0 X 1 0 -4 M 
9 , 4 X 1 0 -J M 
Age of  
Solution 
.5 - 1 5  min. 
J0-40 min. 
40-50 min. 
.5-1 5 min. 
Band Wavelengths and Mo lar 
Extinctio n Co efficients 
4.50 
( 1 07) 
447 
( 1 1 . 1 ) 
206sh J0.5sh 
(3950 ) ( 1 670 )  
4.50 
( .566 ) 
745 
( 9 , 4) 
745 
( 1 . 4) 
745 











phenNMo0Br4( H20 )  
(c4H9 ) 4NMoOBr4 
(NH4)2Mo0Br5 
( ani1H ) 2Mo0Br5 
( quinH ) 2Mo0Br5 
d ipyH2MoOBr5 
( pyrHMoOBr4\ ( crystals )  
( pyrilllo0Br4\ ( powdered ) 
( quinHMoOBr4) n (crystals ) 
Mo4o4(oH) 4Br8(H2o )  (in nujol )  
TABLE XLVI 
DIFFUSE REFLECTANCE SPECTRA 
Band Wavelengths 
378 412 4J7sh 486 
3 85 421 4J7sh 486 
380 415 4J6sh 481 
360 404 475 
360 410 475 
385 420 435sh 48J 
J60sh 424 476 
378 431 521 
339sh , 352 4J8 508 
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TABLE XLVII 
SOLID ELECTRONIC ABSORPTION SPECTRA 
Compound 
pamfJI:{KBr 
Band Wavelengths and Absorbance Values 
(cH3 )4NMoOBr4(H20 )  0 . 2/150 
247 306 
( 1 .  62 ) ( O .  78) 
2/150 3 87 428 491 760sh 
(0 . 55 ) (0 , 83 ) (0 . 4J ) (0 . 03 )  
(cH3 )3phenNMoOBr4(H20 )  0 . 2/180 
255 314 386 429 485sh 720sh 
(1 . 34) (0 . 49 )  ( 0 . 22 ) ( 0 . 24)  (0 . 12 )  (0 . 06 ) 
- - . 
(c4H9 ) 4Nmo0Br4 0 . 4/180 254sh 
298 386 428 S05sh 670sh 
(1 . 76 )  ( 1 .  06 )  (0 . 76 ) (0 . 79 ) (0 . 22 ) ( -0 . 06 ) 
(NH4) 2Mo0Br5 
0 . 6/150 247 3 14 
(0 . 58) ( 0 . 34) 
371 418 475 610sh 705 
( o . 44) (0 . 36 )  ( O . 34) (0 . 07 )  
(anilH\MoOBr 5 
1/200 315sh 372 416 480 600sh 750sh 
(1 . 87 )  (0 , 91 ) (0 . 76 ) (0 . 82 )  (0 . 19 )  (0 . 05 )  
(quinH )2MoOBr5 
1/200 354 421 524 755 
(0 . 33 ) (0 . 35 ) (0 . 23 )  (0 , 10 ) 
dipyH2MoOBr5 0
. 6/180 300sh 372sh 429 492 730 
(0 . 51)  (0 . 41 ) (0 , 2 1 )  (0 . 10 )  
(pyrHMoOBr4)n 
(Coarsely divided ) 0 . 5/600 387 425 472 775 
( :pyrHMoOBr 4) n 
1/2000 
(Finely divided) 1/2000 402 
(quinHMoOBr4)n 
(Coarsely divided) 0.8/180 Jl? J87 
(quinHMoOBr4)n 
(Finely divided 1/180 J81 
Mo2o3Br4di:py2 0.2/200 223 , 252 305 J65sh 
(From ethano l soln.) (0.58 , 0 .46) (o.46) (0.24) 
Mo2o3Br4di:py2 0 .2/200 254sh JOB J65sh 
(From aqueous soln.) (1.87) ( 1. 54) ( o . 80) 
Mo2o4Br2di:py2 0.2/200 252 J
24 J95sh 
( 1. 25) ( 1. 21) ( o . 59) 
Solid :precip. fr. 
ether so ln . 0.6/180 250sh Jll 407sh 
( _5. 4) (OJ , 5) (0.67) 
455 511 





(0.60) (0 , 71) 
4_58sh 
(0.51) 
425sh , 427 540 
















































































1 . 932 
Comments 
Weak signal with broadening above 3410 G. 
No signal detected . 
Very weak signal ; g values are only 
approximate. 
Two intense overlapping signals with 
comparable intensitites 
Very intense, symmetrical signal. 
Weak shoulder 
Intense, symmetrical signal . 
Weak, broad and highly distorted signal . 





( pyrHMoOBr 4) n 








( 1/J dil. in MgO) 
(NH4)2Mo0Br5 



















{g�ass) Value Comments 
322 1 . 983 Weak, broad signal, mor e symmetrical than that 
shown by a powdered sample. 
54 1 , 991 Very weak signal with broadening abo ve 
3405 G. 
134 1 . 981 Moderately intense and more symmetrical 
than the spectrum of  (cH3)4NMoBr4(H20). 
141 1 . 984 Moderately inten se signal, some broadening 
above 3409 G. 
53 1. 997 Symmetry similar to that shown by unaltered 
sample . 
51 1 . 997 Symmetry similar to that shown by unaltered 
sample. 
180 1 , 982 Broad and intense, w ith slight broadening 
above J418 G. 








( Un?-1 tered ) 
Mo2o3Br4dipy2(5M HBr) 
Mo2o 4Br2dipy 2 

















Value Comm en ts 
1. 996 Favored if the disk shaped crystals are 
oriented parallel to the magnetic field. 
1 . 955 Favored if the crystals are oriented 
parallel to the microwave beam . 
1 . 969 Rather weak, broad signal, with broadening 
above J442 G. 
Values were not estimated. Broad , intense , complex spectrum. 
34JO 108 1. 976 Extremely weak signal . 
J404 102 1.988 Very weak signal, poor ly resolved . 






Con c . M) 
0 . 3  
7 X 10-2 
3 X 10-2 
6 X 10 -3 
6 X 10-4 
Mo( Vt 
Conc . M) 
0 . 3  
7 X 10-2 
3 X 10-2 
6 X 10 -3 
6 X 10-4 
6 X 10-5 
326 
TABLE XLIX 
CALCULATIONS OF SPECIES D BAND INTENSITIES 
t374 t719 




2690 2 8  
€ J74 c •450 
3 87 470 
1100 1430 
1440 1020 
2 060 92 8  
2670 869 
3000 870 
719 nm Band 
Contribution of  
SE ,  A and C at 2lj nm 
( t374 X 0 .  01 




2 8  
450 nm Band 
Contribution o f  












E 719 Attri b . 
t o  SE , D 
86 




t ,450 Attrib . 









STRUCTURAL DATA FOR PYRIDINIUM CATENAf-OXOTETRABROMOMOLYBDATE(V) 
Symmetry: Tetragonal 
Space Gro up :  
4 P /mrnrn 
Bond Distances  Bond Angle s  
- 0(1) 
" 159. 8° Mo 1 . 71 A Br1 - Mo - BrJ 
- 0(2 ) 
0 88 . 2° 
Mo 2.J l  A Br1 - Mo -
Br2 
• 88.2° 
Mo - Br 2. 52 A Br1 -
Mo - Br4 
• 100. 1 ° 
Mo - Mo 8 . 02 A Br -
Mo - 0 1 
Br - Mo - 02 7
9 - 9° 
Figure 68 . 
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F igur e  70 . Infrared Absorption Spectrum of (NH4) 2Mo0Br5
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F igure  71 . Infrared Absorption Spectrum of (Ani1H ) 2Mo0Br5. 
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Figure 72 . 
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Figure 74 . Infrared Absorption Spectrwn of ( PyrHMo0Br4) n . 
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Figure 75. Infrared Absorption Spectrwn of a Very Finely Divided 
Sample of ( PyrHMoOBr4)n . 
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F igure 76 . Infrared Absorption Spectrum of ( QuinHMoOBr4)n . 
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F igure 78. Infrared Absorption Spectrum of Mo2o3
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F igure 79 . Infrared Absorption Spectrum of Mo2o3
Br4dipy2 prepared in 
Hydrobromic Acid. 
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F igure 80 . Infrared Absorption Spectrum of the Solid Precipitate 
from a Molybdenum( V) Solution in Ethyl Ether. 
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Infrared Absorption Spectrwn of a Pure Potassium Bromide 
Pellet. 
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